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ABSTRACT.
T his work d e s c r ib e s  an in v e s t ig a t io n  of th e  f a c to r s  govern ing  
th e  w a te r q u a l i ty  in  th r e e  upland  stream s a t  Loch Dee, S.W 
S c o tla n d . P a r t i c u la r  em phasis i s  p laced  on th e  f a c to r s  a f f e c t in g  
stream w ater a c i d i f i c a t i o n  in  th e  s h o r t  and medium tim e s c a le s .  
The s tream s a re  d i f f e r e n t i a t e d  from one an o th e r by th e  la n d -u se  
employed in  each o f th e  stream  catchm en ts. The d e t a i l s  of both  
th e  s i t e  and methods of d a ta  c o l le c t io n  a re  d e sc r ib e d . V a r ia t io n s  
in  bo th  bu lk  p r e c i p i t a t i o n  and s tream w ater chem istry  a re  examined 
a t  th e  weekly s c a le  in  o rd e r  to  determ ine th e  f a c to r s  r e g u la t in g  
s tream w ater ch e m is try . The 5 f a c to r s  a re  ; a tm o sp h eric  
d e p o s it io n , w ea th e rin g  r a t e s ,  b io lo g ic a l  p ro d u c tio n  and 
consum ption, ion -exchange and catchm ent h yd ro logy . A more
d e ta i le d  exam ination  o f one of th e  p ro cesse s  ( io n -  exchange) i s  
u n d ertak en  a t  both  th e  catchm ent and la b o ra to ry  s c a le .  The d a ta  
show th a t  s h o r t- te rm  s tream w ater a c i d i f i c a t i o n  can be induced by 
ion-exchange o f f o r  Na^ in  th e  catchm ent s o i l s  fo llo w in g  
p r e c i p i t a t i o n  in p u ts  h e a v i ly  la d e n  w ith  s e a - s a l t s .  The r o le  of 
hydro logy  in  d e te rm in in g  s tream w ater a c id i ty  over sto rm  p e rio d s  i s  
a ls o  co n sid e red  u s in g  a t im e - s e r ie s  m odel. The model in d ic a te s  
th a t  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  between th e  3 catchm ents 
hydrology  in  term s o f th e  d u ra tio n  and tim ing  o f a c id ic  ep iso d es  
in  th e  s tream s.
a
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CHAPTER 1 ^.INTRODUCTION.
1 :1  INTRODUCTION.
In  re c e n t  y e a rs  th e re  has been a  growing concern  as to  th e  
e f f e c t s  v a r io u s  an th ropogen ic  a c t i v i t i e s  may be having on th e  
n a tu ra l  environm ent. One of th e  major a re a s  of i n t e r e s t  has been 
th e  e f f e c t s  of p o l lu ta n t s  on w a te r b o d ie s.
In  th e  p a s t w a te r  p o l lu t io n  s tu d ie s  have c o n c e n tra te d  on 
p o in t-so u rc e  p o l lu t io n  such as i n d u s t r i a l  or sewerage o u t f a l l s  
i n to  la rg e  r iv e r s  su rround ing  a re a s  of high p o p u la tio n  
c o n c e n tra tio n s . However as  s o c ie ty  has expanded so has i t s  
p o l lu t io n ,  u n t i l  th e  p re se n t s i tu a t io n ,  in  which a t t e n t io n  has 
been focused  on th e  somewhat d e l ic a te ly  balanced  w ate r bod ies and 
ecosystem s of ra n o te  upland  a re a s .  I t  i s  now su g g ested  th a t  such 
w ate r bod ies a re  under th r e a t  from a n o n -p o in t source  of 
p o l lu t io n ,  t h a t  of a c id  d e p o s it io n .
The problem however i s  a  complex one; and th e  q u e s tio n  
a r i s e s ;  how does th e  p ro d u c tio n  of ac id  form ing g ase s  from 
i n d u s t r i a l  co n u rb a tio n s  le a d  to  changes in  th e  w ater chem istry  of 
su r fa c e  w ate rs  hundreds and o f te n  thousands of k ilo m e tre s  away ? 
T his p ro cess  i s  p a r t i c u la r ly  complex a f t e r  th e  p o l lu ta n t  has 
i n f i l t r a t e d  a m osaic of v e g e ta t io n a l  s u r f a c e s ,  and taken  one of a 
m u ltitu d e  of h y d ro lo g ic a l routew ays through a v a r ie ty  o f s o i l  and
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geo logy  ty p e s  in  any one catchm ent a re a .
In  a d d i t io n  to  n o n -p o in t so u rc e s  of a tm ospheric  p o l lu t io n  
mar^ upland  catchm ent a re a s  in  th e  tw e n tie th  cen tu ry  have a ls o
seen  a d ram atic  la n d -u se  change from a re a s  of upland  h e a th  and
moor to  e x te n s iv e  programmes of c o n ife ro u s  a f f o r e s ta t io n .  These
a re  though t to  a f f e c t  th e  va lue  of upland a re a s  as w ater 
r e s o u rc e s .  The p u b lic  concern  aroused  by th e se  two is s u e s  has n o t 
u n t i l  very  r e c e n t ly  le a d , in  B r i t a in ,  to  an in te g ra te d  re se a rc h  
e f f o r t  aimed a t  e v a lu a tin g  th e se  f a c to r s  which may le a d  to  th e  
d e t e r io r a t io n  in  th e  q u a l i ty  o f up land  w a te rs  and th e  e f f e c t  t h i s  
may have on th e  a q u a tic  ecosystem .
The aim of t h i s  p iece  of work i s  to  p rov ide  an in te g ra te d  
b a s e l in e  s tudy  u sing  t r i e d  and te s t e d  te d in iq u e s  to  e v a lu a te  th e  
d i f f e r e n t  f a c to r s  (b o th  n a tu ra l  and an th ropogen ic) which may 
a f f e c t  w ater q u a l i ty  of up land  stream s in  th e  medium 
( s e a s o n a l /y e a r ly )  and s h o r t- te rm  (s to rm s ) . S p e c i f ic a l ly  t h i s  
d i s s e r t a t i o n  s e t s  ou t to  answer th e  fo llo w in g  q u e s tio n s :
i .  What a re  th e  p ro c e sse s  and f a c t o r s  governing w ater
q u a l i ty  in  upland catchm ents in  S.W S co tland  ?
i i .  Do th e  f a c to r s  and p ro c e sse s  govern ing  stream w ater 
q u a l i ty  vary th ro u ^ i tim e and space accord ing  to  
a tm ospheric  in p u ts  and la n d -u s e  ?
i i i .  Having id e n t i f i e d  th e  m ajor c o n tro ls  on w a te r q u a l i ty
i n  such environm ents can they be m a th em atica lly  m odelled 
and th u s  p rov ide  a  b a s is  fo r  p re d ic t in g  w ater q u a l i ty  
resp o n se  to  storm  in p u ts  ?
To answer th e se  q u e s tio n s  a m u ltip le  catchm ent s tudy  has been 
employed in  which th e  catchm en ts  a re  considered  to  be homogenous
i n  a l l  a s p e c ts  ex cep t la n d -u s e  and la n d  management. Using th i s
method a tte m p ts  may be made to  t r y  and i s o l a t e  and th e reb y  
e v a lu a te  th e  v a r io u s  f a c to r s  by comparing and c o n tra s t in g  
catchm en t r e s u l t s .  The s tudy  fo c u se s  on p a r t  o f a w ider p ro je c t  
be in g  u ndertaken  in  th e  so u th  w est of S co tlan d  by s e v e ra l 
c o o p e ra tin g  bod ies under th e  a u s p ic ie s  of th e  Solway R iver 
P u r i f i c a t io n  Board (SRPB).
T his d i s s e r t a t i o n  i s  s t r u c tu r e d  so a s  to  f a m i l i a r i s e  th e  
r e a d e r  w ith  th e  work d e a lin g  w ith  w a te r q u a l i ty  in  up land  a re a s ,  
and s u r fa c e  w a te r a c i d i f i c a t i o n ,  a lre a d y  covered in  th e  l i t e r a t u r e  
( c h a p te r  2 ) .  From h e re  a d e s c r ip t io n  of th e  s e le c t io n  and s i t e  of 
th e  in v e s t ig a t io n  i s  g iv e n  in  c h a p te r  3 in c lu d in g  th e  catchm ent 
d e t a i l s .  The v a r io u s  m ethods and types of d a ta  c o l le c t io n ,  |
fo llo w in g  th e  d i f f e r e n t  needs of each p a r t  of of th e  in v e s t ig a t io n
a re  g iv en  in  ch ap te r  4 . In  o rd e r to  determ ine th e  system s 
r e g u la t in g  stream w ater c h e m is try , ch a p te r  5 in v e s t ig a t e s  th e  
tem p o ra l v a r ia t io n  over a 4 y e a r  p e r io d  ( a t  th e  weekly s c a le )  o f  
bo th  a tm ospheric  in p u t and stream w ater chem istry  in  term s of t h e i r  
m ajor io n s . C hapter 6 ta k e s  a more d e ta i le d  look  a t  one of th e  
mechanisms by which s h o r t - l i v e d  stream  a c i d i f i c a t io n  may occur, 
u s in g  bo th  f i e l d  and la b o ra to ry  d a ta .  In  ch ap te r  7 a tim e s e r i e s  
model i s  developed u s in g  th e  con tinuous re c o rd s  of stream  
d is c h a rg e  and a c id i ty  in  o rd e r  to  compare and c o n t ra s t  th e  
c a tch m e n ts ’ la n d -u se . F in a l ly  c h a p te r  8 p ro v id es  an o v e ra l l  
d is c u s s io n  and e v a lu a tio n  of th e  v a r io u s  f a c to r s  in f lu e n c in g  w ate r 
q u a l i ty  w ith in  th e  study  and th e  im p lic a tio n s  of th e se  r e s u l t s  in
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a w ider c o n te x t.
The term w a te r -q u a l i ty  i s  used th roughou t t h i s  work 
e s s e n t i a l l y  as a d e s c r ip t iv e  and com parative term  w ith  no s t r i c t  
d e f in i t i o n  as to  th e  chem ical co n s titu en cy  im p lie d , a lthough  
em phasis i s  p laced  on a w a te r ’ s a c id i ty  measured by i t s  pH. 
Throughout th e  d i s s e r t a t i o n t h e  term ’w ater q u a l i t y ’ i s  v a r io u s ly  
a s c r ib e d  to  w a te r in  te rm s of i t s  a c id i ty ,  e l e c t r i c a l  c o n d u c tiv ity  
(o r  " c o n d u c tiv i ty ” ) o r f r e q u e n t ly  d is so lv e d  io n ic  lo a d .
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..CHAPTER 2 ; LIIJSRATÜRE REVIEW, 
2 :1  INTRODUCTION.,.
The in t e n t io n  of t h i s  ch ap te r i s  to  p rov ide  an overview of 
th e  env ironm enta l f a c to r s  and p ro cesse s  which a c t  to  determ ine 
w a te r q u a l i ty .  P a r t i c u la r  em phasis i s  p laced  on th e  a c i d i f i c a t i o n  
o f s u r fa c e  w a te r in  up land  B r i t ia n .
W atershed a c i d i f i c a t i o n  i s  a n a tu ra l  p ro c e ss  in  a re a s  of hard  
bedrock  where base n u t r i e n t s  a re  leached  and l o s t  from a catchm ent 
f a s t e r  th an  they a re  re p la c e d  by chem ical w ea th e rin g . More 
r e c e n t ly  much a t t e n t i o n  has been g iven  to  th e  ro le  p layed  by acid  
d e p o s it io n  in  a c c e le r a t in g  and enhancing th e  r a t e  of n a tu ra l  
a c i d i f i c a t i o n .  However in  co n sid e rin g  w a te r q u a l i ty  and 
a c i d i f i c a t i o n  of up land  w a te rs  i t  i s  p e r t in e n t  to  c o n s id e r  a l l  th e  
f a c to r s  which may in f lu e n c e  i t s  com position.
In  o rd er to  s t r u c tu r e  such a review  co n s id e r th e  flow  pa th  of 
a f i c t i o n a l  w ater d ro p le t  from an unknown source to  i t s  d e p o s it io n  
fo llo w in g  a v a r ie ty  o f m odifying ro u te s  to  i t s  u lt im a te  
d e s t in a t io n  as p a r t  of a  s u rfa c e  w ater body. I t  i s  p o s s ib le  to  
c o n s id e r  such a system  as a s e r i e s  of cascad in g  ocxnpartments 
( a f t e r  Chorley and Kennedy 1971) ;  where th e  o u tp u t of one 
compartment i s  th e  in p u t to  th e  n ex t. T his i s  d ia g ra m a tic a l ly  
p re se n te d  in  f i g . 2 :1  which r e p re s e n ts  th e  s t r u c tu r e  of t h i s  review  
c h a p te r .
-  5 -
REGIONAL ASSESMENT OF ACIDIFICATION IN UPLAND BRITAIN: 












ATMOSPHERE IN NATURAL STATE: 
Ion Supply to  the  Atmosphere 
Maritime : Terrestrial
SOILS AND GEOLOGY:
Cation Exchange, Leaching. 
Chemical W eathering
FIG 2:1 Fictional Path Of A W ater Droplet, Through 
A Series Of Cascading Compartments.
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2 :2 :1  A tm ospheric In p u ts .
The amount and q u a l i ty  of a tm ospheric  d e p o s it io n  w i l l  be 
de term ined  by 2 s e t s  of f a c to r s :
i .  The supply  o f io n s  to  th e  atm osphere, bo th  n a tu ra l  and
an th ro p o g en ic  and
i i .  th e  mechanism of d e p o s it io n .
In  t h i s  review  th e se  2 s e t s  o f f a c to r s  a re  consid ered  
s e p a r a te ly .
2:2:1:1 lotii.g aupply to..Ihe..atmoapherejL.
The im p o rtan t c o n tr ib u t io n  of a tm ospheric  io n ic  supply  to  
bo th  t e r r e s t r i a l  ecosystem s and th e  w ate r q u a l i ty  o f in la n d  a re a s  
has been c o n s id e re d  by numerous a u th o rs , fo r  example Gorham 
( 1961 ) ,  C risp  (1956 ), W hite e t  a l (1971), L ikens e t  a l (1977) and 
C ryer (1 9 7 6 ). L ikens e t  a l  (1977, p .15) d e s c r ib e  atm ospheric  
in p u ts  as " th e  m ajor v e h ic le  of n u t r i e n t  in p u t to  th e  ecosystem  " 
and Cryer (1976) su g g e s ts  a tm ospheric  in p u ts  should  be consid ered  
a s  " e x te rn a l  c r e d i t  f a c to r s " .  Io n ic  c o n s t i tu e n ts  in  the  
atm osphere a re  d e riv ed  from s e v e ra l so u rc e s . Thus Gorham (1961) 
i d e n t i f i e s  5 so u rces  of supply  fo r  io n s  in  th e  atm osphere : 
s e a - s a l t s ,  s o i l  fragm en ts , v o lcanoes, o rg a n ic  m a tte r  and a i r  
p o l lu t io n .  W right e t  a l (1980) f u r th e r  in d ic a te  th a t  a tm ospheric  
in p u ts  o f s e a - s a l t s  supp ly  Na*, Mg^^, K**", Cl” and SO^”^ w h ils t
t e r r e s t r i a l  in p u ts  of w eath e rin g  p ro d u c ts  p rov ide  Ca^^, Mg^^,
and HCO”g and a tm ospheric  p o l lu ta n ts  c o n s t i tu te  H^, , NO ^ aud
s c ^ 'v
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%S e a - s a l t s  a re  e n tra in e d  in t o  th e  atm osphere in  la rg e  
q u a n t i t i e s  by b reak in g  waves and s e a -s p ra y , th e se  s e a - s a l t s  being 
t r a n s p o r te d  in  th e  atm osphere as ra in d ro p  n u c le i by su rface  
w inds. The work of Junge and Werby (1 958 ), E rik sso n  (I9 6 0 ) ,
S tevenson  (1968) and S k a r tv e i t  (1981) d em o n stra te  th a t  th e  amount 
o f s e a - s a l t  e n tra in e d  in  th e  atm osphere d e c re a se s  w ith  an 
in c re a s in g  d is ta n c e  from th e  sea . The work by Eaton e t  a l (1973) 
d i s t in g u is h e s  between p r e c i p i t a t io n  from m aritim e so u rces  w ith  a 
h igh  sodium co n te n t and a calcium /m agnesium  r a t i o  c lo se  to  th a t  of 
se a w a te r , and c o n t in e n ta l  p r e c i p i t a t i o n  w ith  a high 
calcium /m agnesium  r a t i o  where th e  m aritim e in f lu e n c e  on 
com p o sitio n  i s  m inim al. The e x te n s iv e  work re p o r te d  by E rik sso n  
(I9 6 0 ) shows a c h lo r id e  g r a d ie n t  w ith  a  d ec re as in g  c o n c e n tra tio n  
a c ro s s  S can d in av ia  and c o n tin e n ta l  Europe. Work by S tevenson 
(1968) in d ic a te s  th a t  p r e c ip i t a t io n  ever B r i t a in  has a s im i la r  |
c h lo r id e  g ra d ie n t ,  t h i s  i s  shown in  f i g  2 :2 .  The f ig u re  shows a 
s te e p  g ra d ie n t  along th e  n o rth  and w est c o a s ts  of S co tlan d  and 
I r e la n d  in  vrtiich c h lo r id e  c o n c e n tra tio n s  r a p id ly  d e c re a se s  
in la n d .  Such a g r a d ie n t  in d ic a te s  th e  dom inant ro le  of th e  w est 
to  e a s t  A tla n tic  a i r  mass movement over B r i ta in .  However i t  i s  
u n l ik e ly  th a t  t h i s  c o n c e n tra tio n  g r a d ie n t  i s  c o n s ta n t through 
tim e , w ith  th e  amount of s e a - s a l t  e n tra in e d  in  th e  p re v a i l in g  a i r  
stream  depending on th e  m e te ro io g ic  c o n d itio n s . Work by S u tc l i f f e  
and G a rr ic k  (1983) in  th e  E n g lish  Lake D i s t r i c t  documents th e  
m aritim e  component of p r e c i p i t a t i o n  as having  a  sea so n a l component 
i n  w hich maximum c o n c e n tra tio n s  occur du ring  m idw in ter and minimum 
c o n c e n tra t io n s  d u ring  midsummer. A llen  e t  a l (1968) a ls o  in d ic a te  
th a t  th e  e x te n t to  which m aritim e in f lu e n c e s  ex tend  in la n d  w i l l  be 














FIG 2:2 Annual Chloride Medians in Mg. 1-1. Isopleths Drawn at 
0 .5  mg. 1-1 Intervals. (Source Stevenson 1968)
2 +  +L ikens e t  a l (1977) a t t r i b u t e  only p a r t  o f th e  Ca and K in  
p r e c i p i t a t i o n  to  m arine s a l t s  and th e  * excess^ o f th e se  elem ents 
be ing  a ss ig n ed  to  unknown " c o n tin e n ta l  so u rc e s" . Such io n s  may 
a ls o  be tr a n s p o r te d  in  a dry s t a t e .  From work undertaken  in  
n o r th e rn  B r i t a in ,  A llen  e t  a l  (1968) in d ic a te  a re a l  d i f f e r e n c e s  in  
calc ium  which r e f l e c t  a g r i c u l tu r a l  lim ing  a c t i v i t i e s .  C ryer 
(1976) a ls o  r e p o r ts  f o r  a s i t e  in  mid-W ales calcium  c o n c e n tra tio n s  
in  e x c e ss  of m aritim e p r e c i p i t a t i o n  in p u ts , a lth o u g h  th e  in p u ts  of 
a l l  o th e r  major io n s  a re  c lo s e ly  r e la te d  to  seaw ate r com position .
The in f lu e n c e  of o rg a n ic  m a tte r  and v o lc a n ic  em issio n s  on 
a tm o sp h eric  io n s  has re c e iv e d  l i t t l e  a t t e n t io n  in  th e  l i t e r a t u r e  
and i s  r e l a t i v e l y  d i f f i c u l t  to  a s s e s s .  The m ajor component of 
o rg a n ic  in p u t i s  l i k e ly  to  r e p re s e n t  a lo c a l  r e c y c lin g  of
n u t r i e n t s .  C risp  (1966) a rg u e s  th a t  th e  lo s s  of anim al m a te r ia l  
such as in s e c t s  c a r r ie d  ou t of th e  a re a  by wind a r e  balanced  by a 
s im i la r  movement i n to  th e  a re a  from a d ja c e n t a re a s , th e
im p lic a t io n  being th a t  t h i s  in p u t i s  in  a s tead y  s t a t e .  The
in f lu e n c e  of v o lc an ic  em iss io n s  on th e  a tm ospheric  supp ly  o f io n s  
w i l l  be somewhat spasm odic, Gorham (1961) p roposes th a t  vo lcanoes 
r e p r e s e n t  th e  m ajor so u rce  of v o l a t i l e  e lem en ts  of carbon, 
c h lo r in e ,  su lp h u r and h y d ro c h lo r ic  a c id , hydrogen su lp h id e  and 
su lp h u r  o x id es .
More re c e n t ly  th e  em phasis o f a tm ospheric  s tu d ie s  has been 
tow ards a tm ospheric  p o l lu t io n  and i t s  r o le  w ith  re g a rd s  to  harm ful 
e f f e c t s  on ecosystem s. From a f a c t o r i a l  a n a ly s is  of 4 y e a rs  d a ta , 
Mohn e t  a l (1980) r e p o r t  th a t  seaw ate r sp ray , th e  r a t e  of chem ical 
w ea th e rin g  and th e  r a t e  of d e p o s it io n  of s tro n g -a c id s  (o f
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an th ropogen ic  o r ig in )  de term ine  th e  com position  o f la k e s  in  
Norway. The m ajor a tm ospheric  p o l lu ta n ts  of concern  a re  th o se  
wh''.:h to  th e  fo rm atio n  of a c id  d e p o s itio n .
^ a te r  ev ap o ra ted  from w a te r bod ies and p la n ts  
(é v a p o tra n s p ira t io n )  condenses on hygroscop ic  n u c le i  in  h ig h e r 
le v e ls  of th e  atm osphere. A tm ospheric CO^, being  s l i g h t ly  
s d v .b le ,  combines w ith  t h i s  w a te r to  form ca rb o n ic  a c id ; which in  
tu r n  d is s o c ié e s  y ie ld in g  H"*" and T his p ro c e ss  g iv e s  a
n a tu ra l  a tm ospheric  background a c id i ty  of 2 .5  jpeq. H*** l “  ^ (pH
5 .6 ) .  Acid d e p o s it io n  i s  th en  considered  to  be p r e c ip i ta t io n  
w ith  a h ig h e r  a c id i ty  th a n  2 .5  l “ \  However C harleson  and
Rodhe ( 1982) argue th a t  ra in w a te r  a c i d i t i e s  g r e a te r  than  th i s  
could  be due to  n a tu r a l ly  o c c u rr in g  a c id s  from th e  a i r  caused by 
n a tu ra l  v a r i a b i l i t y  in  th e  cy c lin g  o f su lp h u r. Invoking th e se  
p ro c e sse s  th e  a u th o rs  argue th a t  ra in w a te r  a c i d i t i e s  can range by 
a f a c to r  of 5 r e g a rd le s s  of m an 's a c t i v i t i e s .  An extrem e example 
of t h i s  i s  p rovided  by Havas and Hutchinsons* (1983) work where 
th e  spontaneous burning o f b itum inous sh a le s  in  th e  Canadian high  
A rc tic  produces h igh  le v e ls  o f SO  ^ and ra in s to rm s  of 10000 )ieq. 
H"*" 1“  ^ (pH 2 .0 )  have been reco rd ed . C onsequently  a 'n a t u r a l '
a c id i ty  of 2 .5  ^ e q . H  ^ l “  ^ may n o t be a t o t a l l y  a p p ro p r ia te  
re fe re n c e  v a lu e . Vermeulen ( I 98O) h as  shown from work on th e  
a tm ospheric  com position  ewer th e  N etherlands th a t  80-100% o f th e  
a c id s  in  p r e c ip i t a t io n  a re  a t t r ib u t a b le  to  s u lp h u r ic  and n i t r i c  
a c id s .  S im ila r ly  L ikens e t  a l (1979)» L ikens and Hermann (1974), 
Fowler e t  a l  (1982) and Galloway e t  a l  (1980) a t t r i b u t e  
p r e c ip i t a t io n  a c id i ty  to  a com bination  of s u lp h u r ic  and n i t r i c  
a c id s .  O verre in  e t  a l (1 9 8 1 ), Fow ler e t  a l (1982) and B a r r e t t  e t  
a l  (1984) have a lso  suggested  th a t  th e  r e l a t i v e  c o n tr ib u t io n  to
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p r e c i p i t a t io n  a c id i ty  i s  30% and 70% fo r  n i t r i c  and su lp h u ric  
a c id s  r e s p e c t iv e ly .  I n e v i ta b ly  th e se  au th o rs  su g g e s t th e re  i s  a 
c lo se  a s s o c ia t io n  betw een a re g io n ’s energy consum ption and 
a tm o sp h eric  l e v e ls  of th e se  p o l lu ta n ts ,  in  a re a s  w here f o s s i l  
f u e ls  a re  an im p o rta n t energy so u rce . Vermeulen (1980) uses 
r e g re s s io n  a n a ly s is  to  de term ine  th e  e f f e c t s  of SO  ^ and NO^  
e m issio n s  on p r e c i p i t a t i o n  q u a l i ty .  W hilst th e re  a re  v a rio u s  
l im i t in g  assum ptions, th e  te n ta t iv e  r e s u l t s  show th a t  fo r  the  
N eth erlan d s  a pronounced r e la t io n s h ip  e x i s t s  betw een to t a l  
n a t io n a l  em issio n s  o f SO  ^ and a c id i f i c a t io n .  L ikens e t  a l  (1976) 
s im i la r ly  su g g e s t t h a t  du rin g  th e  period  1964-1974 a l l  c a t io n s  
ex ce p t in  th e  p r e c i p i t a t i o n  a t  Hubbard Brook (New England) 
d e c re a se d , im ply ing  a l o s s  o f n e u t r a l is in g  c a p a c ity  w ith in  th e  
p r e c ip i t a t io n .
W hilst th e  h ig h e s t  c o n c e n tra tio n s  of ac id  in  p r e c ip i ta t io n  
s t i l l  e x i s t  around re g io n a l  an th ropogen ic  so u rc e s , th e re  i s  an 
in c re a s in g ly  la rg e  a re a  rem ote from th e se  so u rc e s  which a re  
r e c ip ie n t s  of a c id  p r e c ip i t a t io n .  The OECD f in d in g s  on th e  
lo n g -ran g e  t r a n s p o r t  of a i r  p o l lu ta n t s  ( re p o r te d  by O tta r  1976) 
confirm  th e  e x is te n c e  of la rg e  s c a le  t r a n s p o r t  of SO  ^ and 
in d ic a te s  th a t  th e  h igh  c o n c e n tra tio n s  observed w ith  so u th e r ly  
w inds over S can d in av ia  a re  n o t due to  lo c a l  so u rc e s . These 
l e v e l s ,  w h ils t  n o t a s  h igh  as c o n c e n tra tio n s  in  in d u s t r i a l i s e d  
a r e a s ,  a re  10 tim es  average c o n c e n tra tio n s  and s u b s ta n t i a l ly  
in f lu e n c e  p r e c i p i t a t io n  ch em is try . A s im i la r  s i t u a t i o n  i s  
r e p o r te d  by L ikens and Bormann (1974) fo r  th e  U.S.A where remote 
r u r a l  s i t e s  have c o n s is te n t ly  h igh  a c id i ty  p r e c i p i t a t io n  due to  
th e  p resence of th e se  a c id s .
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S te n s la n d  ( 198O) p rop o ses  th a t  th e  b u ild in g  of h ig h e r  chimney 
s ta c k s  h as  le a d  to  a l a r g e r  a re a  being a f f e c te d  by a tm o sfh e ric  
p o l lu ta n t s .  S im ila r ly  L ikens e t  a l  (1979) c i t e  th e  in c re a s in g  
h e ig h t of chimney s ta c k s  a s  r e l ie v in g  lo c a l  problem s bu t in  tu rn  
c r e a t in g  l a r g e r  r e g io n a l  s c a le  p ro b l« n s . This s i t u a t i o n  has le a d  
to  r a in  over th e  e a s te rn  U.S.A and w es te rn  Europe changing from a 
n e u t r a l  l i k e  s o lu t io n  to  th e  p re se n t s o lu t io n  of d i l u t e  su lp h u ric  
and n i t r i c  a c id s .
Hornbeck e t  a l (1976) d e sc r ib e  a se a so n a l v a r i a t io n  in  th e  
p r e c i p i t a t i o n  q u a n t i ty  and q u a l i ty  of Hubbard Brook, in  which 
simmer p r e c i p i t a t io n  i s  more a c id ic  th a n  th a t  in  w in te r  (summer 
102 ^ e q . H  ^ 1  ^ compared to  w in te r  c o n c e n tra tio n s  of 40 peq. H* 
1" ^ ) .  These se a so n a l d if f e r e n c e s  a re  a sc r ib e d  by th e  au th o rs  to  
changes in  c i r c u la t io n  and em issio n s  of SO  ^ a f f e c t in g  su lphur 
d e p o s it io n s .  B a r r e t t  e t  a l  (1983) show su lp h a te  le v e ls  and 
a c id i ty  in  p r e c i p i t a t i o n  over n o rth e rn  B r i t a in  to  have a c le a r  
S p ring  maxima and a c id i ty  of s im i la r  m agnitude re p o r te d  e lsew here , 
(G ran a t 1978, Jo ran g e r e t  a l 1980 c i te d  by B a r r e t t  e t  a l 1983).
The r e p o r t  by B a r r e t t  e t  a l (1983) i s  th e  most com prehensive 
assessm en t of th e  a c id i ty  o f p r e c ip i t a t io n  in  th e  U nited  Kingdom. 
The r e p o r t  shows th a t  fo r  n o rth e rn  B r i t a in  th e  w eighted  mean 
a c id i ty  of p r e c i p i t a t i o n  i s  l e a s t  in  th e  N.W. o f S co tlan d  (c .20  
jieq . H  ^ l" ^ )  and g r e a t e s t  in  S .E . S co tland /N .E  England (c .60  
yiieq. H  ^ 1"*^). The ’a c i d i t y ’ g ra d ie n t  i s  b e t t e r  i l l u s t r a t e d  and 
i s  rep roduced  i n  f i g .  2 :3 .  T his g ra d ie n t  has a ls o  been d escrib ed  
by Fow ler e t  a l  (1 9 8 2 ), in  which th e  g ra d ie n t  i s  d e sc rib e d  by an 
e m p ir ic a l r e la t io n s h ip  of th e  form:




1 ^ <  4.15
1 6 0 -7 0 4 .2 -4 .1 5
1 5 0 -6 0 4 .3 -4 .2
1 4 0 -5 0 4 .4 -4  3
ij 3 0 -4 0 4 .5 - 4 4
:: <  30 >  4.5
insufficient data
FIG 2:3 Rainfall W eighted Annual Average 
Hydrogen Ion Concentrations. (Source Barrett e t al 1983)
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0.030
g m"^ year ^
>  0.125 
0 .1 0 -0 .1 2 5  
0 .0 7 5 -0 .1 0  
0 0 5 -0 .0 7 5  
0 .0 2 5 -0  05 





FIG 2:4 Deposited Acidity
(Source Barrett et al 1983)
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= 3.8x10“ ^ Ef+7.05x10"?E.N
- 3 .1 6 x 1 0 ’*^N^-1 .06x1 0” ^E 
+M.32x10*"^N-1l8.
Where N and E a re  fo u r f ig u r e  n o rth in g s  and e a s tin g s  from U nited  
Kingdom Ordnance Survey maps. T h is e q u a tio n  acco u n ts  f o r  94$ o f 
th e  v a r i a b i l i t y  in  a c id i ty  over n o r th e rn  B r i t a in  (Fow ler e t  a l  
1982) .
B a r r e t t  e t  a l (1983) f u r th e r  d e sc r ib e  wet d e p o s ite d  a c id i ty  
o b ta in e d  by m u ltip ly in g  th e  re g io n a l a c id i ty  by th e  average 
(y e a r ly )  r a i n f a l l  amount. The r e s u l t ,  shown in  f i g .  2 :4 ,  shows 
w et d e p o s it io n  to  be in  th e  range 0 .025 to  0 .075 g m” ^ y r . ”  ^ f o r  
c e n t r a l  and e a s te r n  a re a s ;  w h i ls t  d e p o s it io n  on th e  h igh  ground in  
th e  w est i s  l a r g e r  by a  f a c t o r  of 2 to  3* The a re a s  of h ig h e s t  
a c i d i ty  in p u ts  a re  th e  Lake D i s t r i c t ,  S.W S co tlan d  and th e  w est 
C e n tra l H ighlands. Due to  th e  few er measurements th e  r e s u l t s  
p re s e n te d  fo r  dry d e p o s i t io n  a re  r a th e r  more s p e c u la tiv e  bu t they  
p ro v id e  a p ro v is io n a l b a s e - l in e .  For th e  rem ote s i t e s  of n o r th e rn  
B r i t a in  th e  a u th o rs  in d i c a te  t h a t  a c o n tr ib u tio n  to  t o t a l  a c id i ty  
by SOg up to  40$ may be a p p ro p r ia te ;  w h ils t  in  th e  d ry e r  so u th  and 
e a s t  of England dry d e p o s ite d  a c id i ty  may exceed w et d e p o s ite d  
a c id i ty  by a f a c to r  o f 3*
Having id e n t i f i e d  th e  v a r io u s  so u rces  of io n s  in  the  
atm osphere i t  i s  n ece ssa ry  to  review  th e  p ro cesses  govern ing  t h e i r  
p r e c i p i t a t i o n  and rem oval.
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The mechanisms o f removing io n s  from th e  atm osphere a re  of 
th r e e  b a s ic  ty p e s : ( i )  Wet d e p o s it io n  which in c lu d e s  th e  io n s
re a c h in g  th e  e a r th * s  su r fa c e  in  p r e c ip i ta t io n ;  ( i i )  Dry d e p o s it io n  
which i s  th e  term used to  encompass th e  iM'Ocesses of a b s o rp tio n  
and im p ac tio n  of gaseous and p a r t i c u la t e  m a tte r  and ( i i i )  O ccult 
d e p o s it io n . The d i s t i n c t i o n  between th e  f i r s t  two mechanisms i s  
based  on c o l le c t io n  p ro c e d u re s . Whitehead and F eth  (1964) 
d is t in g u is h  sam ples w hich a re  c o l le c te d  between r a i n f a l l  ev en ts  
( r e p re s e n t in g  dry  d e p o s it io n )  from p r e c ip i ta t io n  where io n s  a re  in  
s o lu t io n  (wet d e p o s i t io n ) .  The th i r d  d e p o s itio n , t h a t  of o c c u lt 
p r e c ip i t a t io n ,  i s  caused  by th e  in te r c e p t io n  of w a te r d ro p le ts  
frcxn wind d r iv e n  cloud  on exposed v e g e ta tio n  (D olland  e t  a l
1983).
The p ro c e sse s  o f d ry  d e p o s it io n  a re  d esc rib e d  in  d e t a i l  by 
Fow ler (1980). They a re  m ost s ig n i f i c a n t  in  term s of to t a l  
d e p o s it io n  c lo se  to  t h e i r  source  and tend  to  d ec re a se  in  
im portance w ith  d is ta n c e  away from t h e i r  source as an in c re a s in g  
c o n t r ib u t io n  i s  su p p lie d  by wet d e p o s itio n . The in d iv id u a l 
mechanisms of dry d e p o s i t io n  a re  dominated by gaseous a b so rp tio n  
and p a r t i c u l a t e  im pact on n a tu ra l  s u r fa c e s .  Fow ler (1980) a ls o  
i d e n t i f i e s  th e  ro le  of s u r fa c e  r e s is ta n c e  and chem ical a f f i n i t y .  
In  an e a r l i e r  paper by Fox (1976) th e  r a te  of dry d e p o s it io n  i s  
view ed as a fu n c tio n  of th e  so rb in g  cap a c ity  of th e  r e c ip ie n t  
s u r f a c e ,  th e  amount o f p a r t i c u la te  m a tte r  and c o n c e n tra tio n  
g r a d ie n t  of th e  g a s , B a r r e t t  e t  a l (1983) in d ic a te  t h a t  annual 
dry  d e p o s it io n s  can be e s tim a te d  c o n s id e rin g  2 s ta g e s  ( i )
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atm o sp h eric  t r a n s p o r t  and ( i i )  up take a t  th e  s u r f a c e .  The r a t e s  
o f  a tm ospheric  t r a n s p o r t  w i l l  be governed by p a r t i c l e  roughness, 
wind v e lo c i ty  and v e r t i c a l  g ra d ie n ts  in  th e  a i r  tem p era tu re ; 
W h ils t th e  r a t e  of up take a t  a  su rfa c e  w i l l  depend on th e  
d e p o s i t io n  v e lo c i ty  which in  tu rn  w i l l  depend on th e  la n d -u se  of 
an a re a  and i t s  a s s o c ia te d  canopy r e s is ta n c e  (Fow ler 1984).
The p ro c e sse s  of wet d e p o s it io n  have a ls o  been d esc rib e d  by 
Fow ler (1980). He d i s t in g u is h e s  between th o se  io n s  reach in g  th e  
e a r t h ’ s  s u rfa c e  in  s o lu t io n  which may have been c o l le c te d  by r a in  
d r o p le t s  b e fo re  they beg in  t h e i r  d escen t ( c o l l e c t iv e ly  c a lle d  
’ r a in o u t ’ ) from th o se  p ro c e sse s  th a t  remove gaseous and 
p a r t i c u l a t e  m a tte r  by f a l l i n g  ra in d ro p s  ( c o l l e c t iv e ly  known as 
’w ashout’ ) .  The p ro c e s se s  of wet d e p o s it io n  a re  common to  th e  
v a r io u s  types  of hydrom eteor, however th e re  a re  v a r ia t io n s  between 
th e  c h e m is tr ie s  of th e s e ,  a t t r i b u t a b l e  to  th e  mechanism of t h e i r  
fo rm a tio n .
Gorham (1976) in d i c a te s  t h a t  snow has a low er scavenging 
e f f ic ie n c y  th a n  r a in  and th e re fo re  th e  c o n c e n tra tio n  of io n s  in  
snow w i l l  be l e s s  th a n  r a in .  C o n tra d ic to ry  to  t h i s  i s  the  
occu rrence  of b lack  a c id ic  snow re p o rte d  by D avies e t  a l (1984) in  
th e  Cairngorm m oun tains. These au th o rs  a t t r i b u t e  th e  high 
c o n c e n tra tio n s  of d e p o s ite d  f l y  ash as a fu n c tio n  of th e  e f f i c i e n t  
a tm o sp h eric  scaveng ing  o f th e  snow. Vermeulen (1980) r e p o r ts  
d i f f e r e n c e s  in  a c i d i t i e s  between d r iz z le s  (h ig h ly  a c id ic )  and 
r a in s  ( l e s s  a c id ic )  and a t t r i b u t e s  t h i s  to  c o n t r a s t s  in  
s u r f a c e -a r e a  and w ash-ou t e f f ic ie n c y .  S im ila r ly  S k a r tv e i t  (1981) 
r e p o r t s  a n e g a tiv e  c o r r e l a t i o n  between p r e c ip i t a t io n  amount and 
c o n c e n tra tio n  of io n s .
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Because of th e  d i f f i c u l t i e s  in  th e  se p a ra te  c o l le c t io n  of wet 
and dry d e p o s it io n , t o t a l  d e p o s it io n  i s  o f te n  c o l le c te d  and
m easured to g e th e r  by co n tin u o u s ly  open c o l le c to r s .  T his bulking 
o f wet and dry d e p o s i t io n  i s  j u s t i f i e d  "as being  th e  most 
s ig n i f i c a n t  f l u i d  to  stuc(y in  e v a lu a tin g  c o n tr ib u t io n s  of
a tm ospheric  m in e r a l i s a t io n  to  th e  chem ical q u a l i ty  of n a tu ra l 
w a te r ."  (W hitehead and F eth  1964, p .3320). The problem of 
c o l le c t in g  bu lk  p r e c i p i t a t i o n  i s  one of r e p re s e n ta t iv e n e s s .  A 
co n tin u o u s ly  open c o l l e c to r ,  o f th e  type used to  c o l le c t  bulk
p r e c ip i t a t io n ,  c o l l e c t s  bo th  dry and w et d e p o s it io n  in  unknown 
p ro p o r tio n s  (L ik en s  e t  a l  1977). Futherm ore th e  amount of dry 
d e p o s it io n  may vary  acco rd in g  to  th e  type and shape of th e
p r e c i p i t a t i o n  c o l l e c t o r .  S u tc l i f f e  e t  a l (1982) r e p o r t  e le v a te d
le v e ls  of calcium  and potassium  on c o l le c to r s  f i t t e d  w ith  a gauze 
p l a s t i c  cover, t h i s  d if fe re n c e  being a t t r i b u t e d  to  in c re a se d  dry 
d e p o s it io n . T e rv e t (1976) working in  th e  so u th e rn  Grampians has
a ls o  shewn an in c re a s e  in  th e  io n ic  co n ten t of bu lk  p r e c ip i ta t io n  
fo llo w in g  th e  a d d i t io n  of a f i l t e r  to  th e  c o l le c t in g  fu n n e l. The 
a u th o r  a t t r i b u t e s  t h i s  in c re a s e  to  dry f a l l o u t .
The s ig n if ic a n c e  of th e  p ro p o rtio n  of dry d e p o s it io n  to  to t a l  
d e p o s it io n  w i l l  vary  acco rd in g  to  th e  amount of annual 
p r e c i p i t a t i o n  and th e  d is ta n c e  from th e  sou rce  of th e  dry 
d e p o s it io n . W hitehead and Feth  (1964) r e p o r t  th a t  bulk  
p r e c i p i t a t i o n  ( i n  C a l ifo rn ia )  i s  4 to  n e a r ly  10 tim es  h ig h e r in  
io n ic  c o n c e n tra tio n  th an  in  th e  ra in w a te r . Junge and G ustatson
(1957, c i te d  i n  W hitehead and F eth  1964) a ls o  r e p o r t  from th e  more 
humid c lim a te  of M assach u sse tts  th a t  c h lo rid e  c o n c e n tra tio n s  were 
25$ h ig h e r in  open c o l le c to r s  compared to  ’w et-only* c o l le c to r s .
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B a r r e t t  and Irw in  (1984) have shown th a t  in  la rg e  p a r t s  of England 
dry d e p o s i t io n s  of su lp h u r exceed in p u ts  of wet d e p o s it io n  by a 
f a c to r  of 2 and only  in  th e  rem ote h igh  r a i n f a l l  a re a s  of th e  
n o rth  and w est does w et d e p o s it io n  exceed dry d e p o s it io n .
In  up land  a re a s  o c c u l t  d e p o s it io n  i s  l i k e ly  to  p lay a 
dom inant r o le  in  a tm ospheric  p r e c ip i ta t io n ,  p a r t i c u la r ly  where 
v e g e ta t io n  i s  exposed to  high wind speeds and s u b s ta n t i a l  cloud 
im m ersion. L o v e tt e t  a l  (1982) and B a r r e t t  and Irw in  (1984) c i t e  
th e  s ig n i f i c a n t  r o le  of co n ife ro u s  v e g e ta t io n  in  th e  cap tu re  of 
o c c u l t  p r e c i p i t a t i o n  in  upland  a re a s .  The com position  of o c c u lt 
p r e c i p i t a t i o n  h a s  been found by L o v e tt e t  a l (1982) to  be h ig h ly  
v a r ia b le  bo th  w ith in  and between cloud e v e n ts . This v a r i a b i l i t y  
r e f l e c t s  th e  s ta g e  of ra in d ro p  developm ent a t  th e  tim e of 
im p ac tio n . D olland  e t  a l (1983) su g g es t t h a t  as w ate r vapour
condenses on hyg ro sco p ic  n u c le i w ith in  c lo u d s, th e  io n ic  
c o n c e n tra t io n s  a re  h ig h e r than  in  ra in d ro p s  where w ater d ro p le t  
grow th and d i l u t io n  have taken  p la c e . A m ajor o b s ta c le  in  th e  
assessm en t of th e  c o n tr ib u t io n  of o c c u lt  p r e c ip i t a t io n  to  t o t a l  
a tm o sp h eric  d e p o s it io n  i s  th e  i n a b i l i t y  of co n v en tio n a l r a in  
c o l l e c to r s  to  c a p tu re  i t .  D olland e t  a l (1983, p .241) te n ta t iv e ly  
conclude th a t  " th e  in c lu s io n  of o c c u lt d e p o s it io n  in  a s se s s in g  
annual chem ical d e p o s it io n  in  a re a s  prone to  low cloud cover could 
in c re a s e  wet d e p o s it io n  by up to  20 $ ."
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2 :2 :2  ,.The-Atin.gj5Pke£fir .Y,egetatlQn I n te r f a c e  «
Only a an a l l  f r a c t io n  o f th e  t o t a l  a tm ospheric  d e p o s it io n  
w i l l  f a l l  d i r e c t l y  on ’open' la n d  s u r fa c e s  and w ate r b o d ie s . The 
m a jo r ity  of io n s  d e p o s ite d  from th e  atm osphere w i l l  be d ep o s ited  
on a v e g e ta t io n s !  canopy. T his canoRr w i l l  modify th e  atm ospheric  
in p u ts  in  a v a r ie ty  of ways acco rd in g  to  th e  type of v e g e ta tio n . 
T h is  has a lre a d y  been no ted  in  th e  f a c to r s  a f f e c t in g  bo th  dry and 
o c c u l t  d e p o s it io n  ( s e c t io n  2 :2 :1 :2 ) .
N u tr ie n ts  d e p o s ite d  on a f o r e s t  canopy w i l l  be removed and
t r a n s f e r r e d  to  th e  f o r e s t  f lo o r  by through f a l l  and stem flow , th e
c h e m is tr ie s  of which w i l l  be determ ined  by th e  le a c h a te  of th e
v e g e ta t io n  and th e  in c id e n t  p r e c ip i ta t io n .  Hornung (1984)
in d ic a te s  p r e c i p i t a t i o n  chem istry  w i l l  be m od ified  by 3 main 
p ro c e s se s  as i t  p a sse s  through v e g e ta tio n :
( i )  In c re a se d  c o n c e n tra tio n  due to  ev a p o ra tio n  from th e  
canopy.
( i i )  The w ashing o f f  of su b s tan ces  which have been d e p o s ite d  
by dry and o c c u l t  d e p o s it io n .
( i i i )  The le a c h in g  o f e lem en ts from th e  canopy.
V oigt ( 1980) comments th a t  th e  deg ree  of m o d if ic a t io n  of 
a tm o sp h eric  in p u ts  w i l l  vary  w ith  th e  n a tu re  of th e  f o r e s t  s tan d  
and storm  in t e n s i ty .
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In  upland  a re a s  exposed to  s tro n g  winds th e  e v a p o ra tio n  of 
w a te r  from v e g e ta te d  s u r fa c e s  can be q u i te  s ig n i f i c a n t .  Newson 
(1984) su g g e s ts  up to  50$ o f  r a i n f a l l  i s  evap o ra ted  d i r e c t ly  from 
f o r e s t  canop ies in  c e n t r a l  W ales. For s h o r te r  v e g e ta t io n  
e v a p o ra tio n  lo s s e s  w i l l  be l e s s ,  Hornung (1984) in d ic a t in g  t h i s  to  
be i n  th e  w d e r  o f 10$ fo r  h ea th  and m oorland com m unities. 
Madgewick and O vington (1959) p re s e n t  r e s u l t s  from S.E England 
which show a s ig n i f i c a n t  in c re a s e  in  th e  io n s  in  ra in w a te r  below 
t r e e s .  T h is th e  a u th o rs  a t t r i b u t e  to  th e  c o n c e n tra tio n  of io n s  
th rough  é v a p o tra n s p ira t io n  and th e  in c re a se d  c a p tu re  of a e ro s o ls .  
The In c re a s e  of io n s  by v e g e ta t io n  c a p tu re  i s  r e f e r r e d  to  as th e  
’ f i l t e r i n g - e f f e c t *  (Mayer and U lrich  1974, c i te d  by M ille r  and 
M il le r  1980 p .3 3 ) . The a b i l i t y  or e f f ic ie n c y  of v e g e ta t io n  to  
f i l t e r  io n s  from th e  atm osphere i s  dependant on;
( i )  The t r a n s f e r  mechanism from th e  atm osphere to  th e  
v e g e ta t io n a l  su rfa c e  and
( i i )  th e  aerodynam ics and su rfa c e  c h a r a c t e r i s t i c s  of 
th e  v e g e ta tio n .
For th e se  re a so n s  M il le r  and M ille r  (1980) su g g e s t th a t  
in c re a s e d  f i l t e r i n g  i s  c lo s e ly  a s s o c ia te d  w ith  very  f in e  d r iz z le  
and dry  d e p o s it io n  on to  w et s u r fa c e s .  In  v e r i f i c a t i o n  of a 
th r o u g h f a l l  model C le s c e r i  and Vesudeven (1980) r e p o r t  p re lim in a ry  
r e s u l t s  in  which th e re  was an in c re a s e  in  th e  c o n c e n tra tio n  of 
io n s  in  th ro u g h fa l l  as a consequence of g r e a te r  in te r c e p t io n  by 
c o n ife ro u s  th a n  under deciduous f o r e s t .
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In  a com parative s tu d y  by Mayer and U lrich  (1980) in  th e  
S o il in g  f o r e s t ;  Germany, c o l le c to r s  above and below a Spruce 
compared to  a Beech canopy show th e  f i l t e r i n g  o f th e  Spruce to  be 
on average 150$ o f t h a t  of th e  Beech, w ith  even g r e a te r  in c re a s e s  
fo r  th e  n itro g e n  fa m ily . The Spruce canopy a ls o  showed h ig h e r  
so  4 and H c o n c e n tra tio n s  which th e  au th o rs  a t t r i b u t e  to  th e  
a d s o rp tio n  of SO  ^ on th e  f ilm  of w ater co a tin g  p in e  n eed le s  and 
r e s u l t in g  in  th e  o x id a tio n  of SO  ^ to  H^SOj .^ M ille r  (1984) however 
r e p o r t s  a d ecrease  in  a c id i ty  w ith  th ro u g h fa l l  as a r e s u l t  of H**" 
exchange on th e  v e g e ta t io n a l  s u r f a c e s .  The only  case where M ille r  
f in d s  an in c re a s e  in  a c id i ty  w ith  th ro u g h fa l l  o ccu rs  w ith  c o n ife r s  
d e f ic e n t  in  N itrogen  w hich, fo llo w in g  f e r t i l i z a t i o n ,  r e v e r t  t o  a 
d e c re a se  in  a c id i ty  w ith  th ro u g h fa l l .  C a r l i s le  e t  a l  (1966) 
r e p o r t  th a t  th e re  i s  an in c re a s e  in  potassium  in  th ro u g h fa l l  which 
has a sea so n a l d i s t r i b u t i o n  w ith  th e  h ig h e s t c o n c e n tra tio n s  
o c c u rr in g  du rin g  th e  v e g e ta t iv e  season . This seaso n a l d if fe re n c e  
i n  c o n c e n tra tio n s  i s  determ ined  in  p a r t  by th e  le a c h in g  o f 
e lem en ts  from th e  canopy, a lth o u g h  as  M ille r  e t  a l  (1976) have 
no ted  th e re  a re  problem s in  s e p a ra t in g  and q u a n tify in g  th e  
p ro c e s se s  of crown le a c h in g  and wash down. M ille r  e t  a l  (1976) 
however propose a l i n e a r  r e g re s s io n  r e la t io n s h ip  between th e  
c o n c e n tra tio n  in  g ro s s  r a i n f a l l  and i n  n e t r a i n f a l l .  Where th e  
in t e r c e p t  c ro s se s  th e  n e t  r a i n f a l l  a x is  th e  c o n c e n tra tio n  below 
th e  l i n e  i s  taken  to  e s tim a te  th e  amount of crown le a c h in g . Using 
t h i s  tech n iq u e  M ille r  e t  a l  (1976) i n t e r p r e t  th e  washdown of 
a e ro s o ls  beneath  a C o rs ican  P ine in  n o rth e rn  S co tlan d  as 
acco u n tin g  fo r  betw een 30-60$ o f  io n  g a in  (above g ro s s  r a i n f a l l ) . 
Comparing co n ife ro u s  s p e c ie s  in  S co tlan d  M ille r  (1984) su g g e s ts  
th ro u g h fa l l  to  be more a c id ic  below S c o tts  P ine th an  under S itk a
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S pruce. Both M ille r  (1984) and Hornung (1984) in d ic a te  th a t  th e  
a c id i ty  o f th ro u g h fa l l  w i l l  be dependent on th e  age of th e  crop, 
w ith  young crops being th e  l e a s t  a c id ic .  In  a  f u r th e r  study  Eaton 
e t  a l  (1973) su g g es t t h a t  th e  amount o f le a c h in g  from a 
v e g e ta t io n a l  canopy w i l l  be a fu n c tio n  of th e  re s id e n c e  tim e of 
th e  p r e c ip i t a t io n  on th e  l e a f ,  th e  tim e of y e a r  and th e  sp ec ie s  
in v o lv ed .
A more d e ta i le d  in v e s t ig a t io n  of th e  p ro cesse s  c o n tr ib u tin g  
to  v e g e ta tio n  m o d if ic a t io n  in d ic a te s  d if f e re n c e s  between th e  
p ro c e sse s  of s tan flo w  and th ro u g h fa l l .  Newson (1984) p ro p o r tio n s  
th e  amount of w ater reac h in g  th e  ground as  com prising  15-30$ 
stem flow  and 40-60$ by th ro u g h fa l l  (b o th  as $ o f g ro ss  
p r e c i p i t a t io n ) .  W h ils t t h i s  in d ic a te s  th a t  stem flow  only  
r e p re s e n ts  a sm a ll p ro p o r tio n  of th e  w a te r, i t  can be im p o rtan t in  
q u a l t i t y  term s. M ille r  (1984) a t t r i b u t e s  >50$ o f a c id i ty  reach in g  
f o r e s t  f lo o r s  to  be d e riv ed  from stem flow . The in c re a s e  in  
a c id i ty  seen  in  stem flow above th a t  in  th e  p r e c ip i t a t io n  i s  no t 
seen  in  th ro u g h fa l l  ( s e e  above). Hornung (1984) p o s tu la te s  th e  
d if fe re n c e  between th e  d ie m is try  of stem flow and th ro u g h fa l l  may 
be due to  a g r e a te r  c o n ta c t tim e and lo n g e r p a th  le n g th  of 
stem flow .
R esearch on th e  e f f e c t  o f n o n -fo re s t v e g e ta tio n  in  m odifying 
a tm o s j^ e r ic  in p u ts  i s  s p a rs e . Hornung (1984) r e p o r ts  th e  
th ro u g h fa l l  chem istry  fo r  bracken , g o rse , h e a th e r , c o tto n  g ra s s  
and mat g ra s s  dominated com m unities. These d a ta  show an in c re a s e  
in  th e  c o n c e n tra tio n  o f s o lu te s  above th o se  re p o r te d  fo r  
p r e c ip i ta t io n .  Hornung a ls o  in d ic a te s  th a t  fo r  u n p o llu ted  re g io n s  
g e n e ra lly  th e se  com munities w i l l  se rv e  to  decrease  a c id i ty ,  th e
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e x c e p tio n  being  c o t to n  g r a s s  in  which a c id i ty  in c r e a s e s  fo llo w in g  
t h r o u ^ f a l l .  Work by Clymo (1984) on sphagnum dom inated peat-bogs 
i n  th e  Pennines in d i c a te s  t h a t  such s i t e s  show an in c re a s e  in  
a c id i ty  p a r t i c u l a r ly  fo llo w in g  d rough t c o n d itio n s  d u ring  th e  
grow ing season . In  t h i s  work Clymo s t r e s s e s  th e  im portance of 
c a t io n  exchange p ro c e s se s .
The ro le  of v e g e ta t io n  in  m odifying a tm ospheric  in p u ts  has 
been shown in  th e  p reced in g  s e c t io n  to  depend on 4 f a c to r s :
( i )  The type o f a tm o sp h eric  d e p o s it io n  ( i n t e n s i t y , d u ra tio n
and freq u en cy )
( i i )  c h a r a c t e r i s t i c s  o f th e  canopy
( i i i )  pathway th rough th e  canopy
( iv )  and th e  tim e of y e a r .
Once th e  p r e c i p i t a t i o n  has reached  th e  ground, v e g e ta t io n a l  
f a c to r s  w i l l  combine w ith  s o i l  and g e o lo g ic a l c o n s id e ra tio n s  to  
de term ine  th e  ch em istry  of p e rc o la t in g  w a te rs .
2 :2 :3  M o d if ic a tio n  of A tm ospheric In p u ts  by S o il  and Bedreck._
The com position  of p r e c i p i t a t io n  i s  m od ified  by v e g e ta tio n  
in te r c e p t io n ,  bu t more e x te n s iv e  a l t e r a t i o n  in  term s of i t s  
cüiemical com position  o f te n  ta k e s  p lace  in  th e  s o i l .  With an 
a c id ic  in p u t to  a s o i l  Gorham and McFee (1980) su g g e s t 3 p o s s ib le  
r e a c t io n s :
( i )  N e u tra lis e d
( i i )  C ation  exchange
( i i i )  R eac tion  w ith  s i l i c a t e s .
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The amount o f a l t e r a t i o n  depends upon a s o i l ' s  a b i l i t y  to  
b u f fe r  th e  in p u ts .  U lr ic h  (1983) p roposes t h a t  s o i l s  can be 
c l a s s i f i e d  i n t o  5 main g roups each having a s p e c i f i c  pH range;
( i ) Calcium C arbonate pH> 8 .0 —6.2
( i i ) S i l i c a t e 6 .2 -5 .0
( i i i ) C ation  Exchange 5 .0 -4 .2
( iv ) Aluminium 4 .2 -2 .8
(V ) I ro n 3 . 8 -2 .4
Many upland catchm en ts w ith  s o i l s  in  th e  s i l i c a t e  and c a t io n  
exchange ranges have such slow w eathe ring  r a t e s  t h a t  th e  q u a n ti ty  
and q u a l i ty  of p r e c i p i t a t i o n  can in f lu e n c e  su rfa c e  w a te r  q u a l i ty  
(H arrim an and W ells 1984). Both S eip  (1980) and Hornung (1984) 
d e s c r ib e  c a t io n  exchange as th e  most im p o rtan t in f lu e n c e  on 
d ra in a g e  w ate r ch e m is try . The p ro cess  of c a t io n  exchange in v o lv es  
an exchange o f c a t io n s  h e ld  on n e g a tiv e ly  charged s i t e s  on p la n t  
t i s s u e  and s o i l  c o l lo id s ,  w ith  c a t io n s  in  s o lu t io n  p ass in g  th e se  
s i t e s .  This p ro c e ss  o p e ra te s  bo th  ra p id ly  and q u a n t i t a t iv e ly  
acco rd in g  to  th e  lim e p o te n t ia l  (Bache 1984). Webb (1980) 
su g g e s ts  th e  p ro c e ss  of c a t io n  exchange w i l l  tend  to  smooth and 
b u f fe r  s h o r t  term  changes in  the  c o n c e n tra tio n  of p a r t i c u la r  
c a t io n  sp e c ie s  i n  s u r fa c e  w a te rs . The major c a t io n s  inv o lv ed  a re  
Ca^"^, K'*’, Na'*‘, NH'*’^ ,  Mg^" ,^ Al^"^, and H"^ . W iklander (1975)
em phasises th e  r o le  o f th e  s e a - s a l t  e f f e c t  in  c re a t in g  an apparen t 
a c i d i f i c a t i o n  o f th e  s o i l .  T his p ro cess  o p e ra te s  when base 
c a t io n s  p e rc o la te  in t o  th e  s o i l  and come in t o  c o n ta c t w ith  an io n  
exchange s u r fa c e  occup ied  by an H  ^ io n , exchange w i l l  occur 
r e le a s in g  H  ^ and a c id ify in g  th e  d ra in ag e  w a te rs  ( 'exchange
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a c i d i t y ' ) .  In  th e  s o i l  th e re  i s  a  co rrespond ing  a d so rp tio n  of th e  
s a l t  c a t io n s ,  th e  n e t r e s u l t  being an in c re a s e  in  th e  base 
s a tu r a t io n  of th e  s o i l .  W iklander f u r th e r  proposes t h a t  where 
th e re  a re  h igh  in p u ts  of base c a t io n s  such as s e a - s a l t s ,  th e  
a f f e c t  of a c id  d e p o s it io n  w i l l  be le s s e n e d . In  s tro n g ly  ac id  
m in e ra l s o i l s  Bache (1984) in d ic a te s  Al^^ o ccu p ies  a  la rg e  
p ro p o r tio n  of th e  s o i l  exchange s i t e s  in  which case  th e  exchanging
*4* 3 +c a t io n s  a r e  H frcxn s o lu t io n  fo r  Al from th e  exchange s i t e s .  
W h ils t t h i s  i s  a n e u t r a l i s in g  r e a c t io n  i t  a l s o  r e le a s e s  
p o te n t i a l ly  to x ic  Al^^ in t o  s o lu t io n .  I t  i s  t h i s  mechanism which 
g iv e s  r i s e  to  in c re a s e d  Al^’*’ le a c h in g  re p o r te d  from a re a s  
re c e iv in g  a c id ic  in p u ts  (Cronan and S c h o fie ld  1979). Hornung 
(1984) r e p o r t s  th e  dom inant exchange in  t h i s  p ro c e ss  ( in  a re a s  
s u b je c t  to  ac id  d e p o s it io n )  i s  th e  rep lacem en t of base c a t io n s ,  
p a r t i c u l a r ly  calcium  and magnesium h e ld  on c lay  and o rg an ic  
s u r fa c e s  by H^ from s o lu t io n .  T his p ro c e ss  n e u t r a l i s in g  some of 
th e  a c id i ty  in  p e rc o la t in g  w a te rs  commonly o ccu rs  in  th e  B r i t i s h  
u p lan d s.
Although c a t io n  exchange p ro c e sse s  determ ine th e  r e l a t i v e  
p ro p o r tio n  of each c a t io n  in  th e  le a c h in g  s o lu t io n ,  th e  amount of 
le a c h in g  i s  c o n tro l le d  by th e  a v a i l a b i l i t y  of b a lan c in g  an ions. 
H arrim an and W ells (1984) in d ic a te  th e  major in o rg a n ic  an io n s  in  
upland  s tream s a r e  Cl” , NO” ^ and SO^”^ .  In  view of th e  ro le  of 
th e se  an io n s  in  govern ing  th e  p ro cess  of c a t io n  exchange i t  i s  
n ece ssa ry  to  review  th e  f a c to r s  govern ing  t h e i r  c o n c e n tra tio n  
w ith in  a  catchm ent.
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C hlo ride  can be co n sid e red  th e  most c o n se rv a tiv e  an ion  
d e r iv e d  from s e a - s a l t s  and p ass in g  through s o i l  p r o f i l e s  
unchanged. The l e v e ls  o f c h lo r id e  a re  the reby  determ ined  by 
a tm ospheric  d e p o s it io n  of s e a - s a l t s .  S k a r tv e i t  (1981) d e s c r ib e s  
ep iso d e s  o f se a -sp ra y  la d e n  p r e c ip i t a t io n  d e p o s ite d  on catchm ents 
in  w es te rn  Norway which have le d  through th e  p ro c e ss  o f c a t io n  
exchange to  a c i d i f i c a t i o n  of ru n o ff .
S u lp h a te  i s  l e s s  c o n se rv a tiv e  th an  th e  c h lo r id e  io n  being 
s u b je c t  to  a d s o rp tio n  and d e s o rp tio n  p ro c e sse s . The two 
a tm ospheric  so u rces  o f su lp h a te  can be summarised as s e a - s a l t  and 
a tm ospheric  p o l lu t io n ;  w h i ls t  in  th e  s o i l  th e  o x id a tio n  of o rg an ic  
and in o rg a n ic  su lp h id e s  can be leach ed  d u ring  th e  f i r s t  heavy 
au tu n n a l r a in s .  In  B r i t a in ,  H arrim an and W ells (1984) in d ic a te  
t h i s  p ro c e ss  i s  in f r e q u e n t  and r e s t r i c t e d  to  tim es of d rough t. 
N ev e rth e le ss  th e  re d u c tio n  in  m o is tu re  a s s o c ia te d  w ith  f o r e s t  
growth (B inns 1968) may in c re a s e  t h i s  source of s u lp h a te  in  a re a s  
o f a f f o r e s ta t io n .  The in c re a s e d  d e p o s it io n  of su lp h a te  a s s o c ia te d  
w ith  a c id  d e p o s it io n  i s  o f te n  c i te d  as th e  cause of th e  
a c i d i f i c a t i o n  of w a te r b o d ies  (eg . Seip  1980, O verre in  e t  a l 
1981). This i s  th e  concep t of a  'm o b ile  an io n ' in  which th e  
im portance of su lp h a te  as a  t r a n s p o r te r  of c a t io n s  and th e  
in c re a se d  le a c h in g  of s o i l  i s  em phasised.
N i t r a te  i s  th e  l e a s t  c o n se rv a tiv e  an ion  d iscu ssed  h e r e , t h i s  
i s  due to  i t s  u t i l i s a t i o n  by v e g e ta tio n . In  upland  a re a s  n i t r a t e  
i s  o f te n  in  l im i te d  supp ly  and th u s  p lay s  a d im in ished  r o le  in  
term s of w ater q u a l i ty  d u rin g  th e  growing season . However n i t r a t e  
may p lay  an im p o rtan t r o le  in  c a t io n  exchange th roughou t th e  y e a r
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o r d u rin g  a  storm  in  which i t  mey be r a p id ly  f lu sh e d  from s o i l s .
The second p ro c e ss  govern in g  s o i l - w a te r  ch em istry  i s  th a t  of 
chem ical w ea th e rin g  o f th e  bedrock  causing  prim ary  m in era l 
decom position . These r e a c t io n s  a re  much slow er th a n  th o se  of 
c a t io n  exchange.
Chemical w ea th e rin g  r e s u l t s  from th e  chem ical r e a c t io n  of 
m in e ra ls  w ith  a i r  and w a te r . The most im p o rtan t p ro c e sse s  of 
chem ical w eathering  a r e  s o lu t io n ,  o x id a tio n  and h y d ro ly s is  ( O i l i e r
19 8 4 ). S o lu tio n  i s  u s u a l ly  th e  f i r s t  s ta g e  of w ea thering  i t s  
e f f e c t iv e n e s s  being dependant on th e  amount of w a te r p ass in g  and 
th e  s o l u b i l i t y  o f th e  w ea th e rin g  s u r fa c e . The o x id a tio n  of 
m in e ra ls  in  which a tm o sp h eric  (o r  b a c t e r ia l )  oxygen r e a c ts  to  
produce ox ides i s  m ost e v id e n t in  i r o n  which o x id ise  to  g iv e  a 
c h a r a c t e r i s t i c  re d /y e llo w  c o lo u r . H y d ro lysis  i s  th e  b reak ing  down 
o f m in e ra ls  by and CB" io n s  in  p e rc o la t in g  w a te rs . T his 
r e a c t io n  w i l l  tak e  p la ce  w herever a m in era l i s  in  c o n ta c t w ith  
w a te r . O i l i e r  (1984) in d i c a te s  th a t  in  a l l  w eath e rin g  r e a c t io n s  
H* io n s  a re  of fundam ental im portance fo r  3 re a so n s ;
( i )  They a re  a v a i la b le  from a la rg e  number of so u rces  and 
in c re a s in g  t h e i r  c o n c e n tra t io n  reduces  th e  s o lu b i l i t y  of 
SiOg and AlgO^.
( i i )  H"*" io n s  combine w ith  OH" io n s  (which in c re a s e  
d u ring  h y d ro ly s is )  th u s  rem oving them from th e  
system  a llo w in g  co n tin u ed  h y d ro ly s is .
( i i i )  They r e a d i ly  re p la c e  o th e r  c a t io n s  ( c a t io n  exchange).
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I t  i s  th e  p ro d u c ts  of th e s e  w eathering  r e a c t io n s  which g iv e  
w a te r  w ith  lo n g e r re s id e n c e  tim es ( th e  baseflow  component of 
s tream flo w , see  s e c t io n  2 :2 :4 )  a  h ig h e r  c o n c e n tra tio n  of io n s  th a n  
th e  d i l u t e  storm  ru n o f f .  Through th e se  p ro cesse s  of w ea thering  
and r e a c t io n s  o f m in e ra l decom position  n a tu ra l  and an th ro p o g en ic  
a c id s  a re  consumed so  t h a t  even  on g r a n i t i c  ro ck s  calc ium , 
magnesium and sodium s a l t s  a re  leach ed  w ith  b ic a rb o n a te  in  
s o lu t io n s  of 6 -7 . However as Hornung (1984) n o te s  th e
d is s o lu t io n  of a lu m in o s i l ic a te s  i s  very  slow and f r e q u e n t ly  th e  
c o n ta c t  tim e between d ra in a g e  w a te rs  and m in e ra l s u r fa c e s  i s  n o t 
lo n g  enough fo r  th e  r e a c t io n s  to  reach  e q u ilib r iu m  conseq u en tly  
n o t  a l l  th e  a c id  i n  p e r c o la t in g  w a te rs  w i l l  be n e u t r a l i s e d .  The 
s o lu t io n  of c a rb o n a te  m in e ra ls  i s  much more ra p id  and may be
im p o r ta n t in  o f f s e t t i n g  th e  a c c e le ra te d  le a c h in g  from c a t io n  
exchange s i t e s  as  a r e s u l t  o f a c id ic  in p u ts .
As a s o i l  d ev e lo p s  and m a tu res  th e  more i t  w i l l  d i f f e r  from 
i t s  p a re n t m a te r ia l .  In  humid tem p era te  a re a s  Krug and F rin k
( 1983 ) argue th a t  s o i l s  w i l l  be more a c id ic  th a n  t h e i r  p a re n t 
m a te r ia l .  As w e a th e rin g  p ro g re s s e s  th e  a u th o rs  su g g e s t t h a t  th e  
r a t e s  of ac id  n e u t r a l i s a t i o n ,  w eathering  and c a t io n  d en u d a tio n
d e c re a se  and a c id s  accum ula te  g iv in g  r i s e  to  s o i l  and w a te r
a c i d i f i c a t i o n .  Krug and F r in k  (1983) a l s o  argue t h a t  th e  p re s e n t 
day a c i d i f i c a t i o n  of s o i l s  i s  a b io lo g ic a l  fu n c tio n  g en e ra ted  from 
th e  b io lo g ic a l  o x id a tio n  o f carbon , n i tro g e n  and su lp h u r (s e e  
s e c t io n  2 :3 ) .
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V e g e ta tio n , s o i l ,  geology and topography a l l  i n t e r a c t  to  
de term ine  th e  ro u tin g  o f  w a te r  through a catchm ent which in  tu rn
a f f e c t s  th e  chem istry  o f th e  e f f lu e n t  w a te rs , th e  deg ree  to  which 
d i f f e r e n t  ro u tin g  p ro d u ces  d i f f e r e n t  h y d ro c h e m is tr ie s  in  th e  
s tream s w i l l  be de te rm in ed  by two f a c to r s :
( i )  The c o n ta c t tim e w ith  th e  s o i l  or rock  and
( i i )  th e  p ro p o r tio n  o f flow  t h a t  tak es  d i f f e r e n t  ro u te s
th rough th e  catchm en t.
( A f te r  Bache 1984 p .401)
I f  ru n o f f  re a c h e s  a  s tream  channel w ith in  24 h o u rs , i t  cau ses  
a h igh  r a t e  of d is c h a rg e  in  th e  stream  and i s  u s u a lly  c l a s s i f i e d  
a s  's to rm  r u n o f f  o r 'd i r e c t  r u n o f f .  Water t h a t  p e r c o la te s  to  
groundw ater a t  much low er v e l o c i t i e s  by lo n g e r p a th s  and re a c h e s  
th e  s tream  slow ly  ov er lo n g e r  p e r io d s  i s  u s u a lly  term ed 'b a se f lo w ' 
(Dunne and Leopold 1978).
Both th e  p a t t e r n  o f flow  and th e  d ie m is try  o f a stream  w i l l
depend to  a  la rg e  e x te n t  on th e  s p a t i a l  and tem poral d i s t r i b u t io n  
o f d i f f e r e n t  h y d ra u lic  c o n d u c t iv i t ie s  and s o i l  p o r o s i t i e s .  Water 
d e riv e d  frcxn th e  s u r fa c e  h o r iz o n s  w i l l  be d i f f e r e n t  to  w a te r which 
h as  p e rc o la te d  i n t o  d eep e r s o i l  h o rizo n s . Bache (1984) in t im a te s  
t h a t  w a te r t r a n s f e r r e d  r a p id ly  through th e  s o i l  by a  system  of 
m acropores or p ip e s  may n o t reach  chem ical e q u ilib r iu m . W hilst
Hornung (1984) r e p o r t s  f o r  a catchm ent in  mid-W ales t h a t  w a te rs
d ra in in g  from m acropores and ephem eral p ip e s  a re  c o n s is te n t ly  more
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a c id ic  th a n  f in e - p o r e  w a te rs . T ru d g i l l  e t  a l  (1984) and G a ll ic  
and Slaym aker (1984) a l s o  in d ic a te  th a t  a  s h o r t  re s id e n c e  tim e 
w i l l  le a d  to  l im i t e d  s o lu t io n  and th a t  s o i l  s t r u c t u r e  and r a i n f a l l  
i n t e n s i t y  may can h i ne to  encourage th e  dominance of ra p id  flow . 
I f  r a p id  flow  i s  dcaninant th e  lo s s  of r a p id ly  s o lu b le  m a te r ia l  
o ccu rs  in  p re fe re n c e  to  l e s s  so lu b le  m a te r ia ls  in  th e  s o i l .
C la s s ic a l ly ,  s o lu te  so u rces  a re  d iv id e d  acco rd in g  to  
re s id e n c e  tim e which has g iv e n  r i s e  to  many two-component mixing 
m odels (eg . P ilg r im  e t  a l 1979, C o ll in s  1979, C h ris to p h e rse n  e t  
a l  1982). P ilg r im  e t  a l (1979) g iv e  th e  g e n e ra l form o f a mixing 
model to  d e s c r ib e  s tream w ater s o lu te  c o n c e n tra tio n s  a s :
In  w hich Q i s  th e  d is c h a rg e , C i s  th e  c o n c e n tra tio n  of 
d is so lv e d  s o l id s  and 1, 2 and t  a r e  th e  s e p a ra te  flow  
components and t o t a l  flow .
Reid e t  a l  (1981) p ro v id e  in d i r e c t  v e r i f i c a t i o n  of t h i s  type 
o f model in  d e s c r ib in g  changes in  w a te r chem istry  in  G lendye, N. E 
S c o tla n d . The a u th o rs  r e p o r t  th a t  flow c o n c e n tra tio n s  a re  h ig h e s t 
d u rin g  baseflow  when flow  i s  dom inated by w ater from th e  m inera l
s o i l .  During storm  ru n o f f  s o lu te s  r e a d i  a minimum s h o r t ly  a f t e r
peak d lc h a rg e  which th e  a u th o rs  i n t e r p r e t  a s  flow  dom inated by 
w a te r d ra in in g  th e  upper o rg an ic  and o rg an o -m in era l ho rizo n .
H arrim an and M orrison  (1980, 1982) a ls o  r e p o r t  from work in
c e n t r a l  S co tlan d  th a t  stream  a c id i ty  i s  e s p e c ia l ly  h igh  a f t e r  
pro longed  r a i n f a l l  when th e  p ro p o r tio n  of su rfa c e  ru n o f f  i s  h ig h . 
S im ila r ly  S k a r tv e i t  (1981) working in  w e s te rn  Norway in d ic a te s
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t h a t  d u ring  f lo o d s  su rfa c e  ru n o f f  i s  p redom inan tly  through th e  
o rg an ic  r ic h  to p - s o i l  which y ie ld s  a c id  ru n o f f  fo llo w in g  io n  
exchange w ith  th e  s o i l .  D uring low ru n o ff , on th e  o th e r  hand, 
in te r f lo w  and groundw ater seepage p r e v a i l .  More r e c e n t ly  Newson 
(1984) a rg u es  t h a t  t h i s  two-component mixing model ( i . e .  shallow  
w a te r has a ra p id  t r a n s i t  th rough th e  s o i l  and deep w a te r  has a 
slow passage) i s  to o  s im p l i s t i c  f o r  th e  d e s c r ip t io n  o f up land  
a re a s .  He su g g e s ts  t h a t  th e  hydro lcgy  of s lo p e s  i s  dom inated by 
s o i l  p ip e s  and f lu s h e s .  Lewin e t  a l  (1974) frcm  work in  mid Wales
a ls o  observe th a t  p ipe  flow  i s  capab le  of bo th  ra p id  response  to
r a i n f a l l  in p u ts  and of m a in ta in in g  flow  d u ring  pro longed  dry 
s p e l l s .  The s ig n if ic a n c e  of p ipe flow  i s  f u r th e r  co n sid ered  by 
Bache (1984) who in d ic a te s  very  l i t t l e  chem ical i n t e r a c t io n  w i l l  
occur w ith  w a te r d u ring  p ipe  flow .
However, p ipeflow  i s  only  one type of th rough flow . W illiam s
e t  a l  (1984) c o n s id e r  4 d i s t i n c t  ty p e s  of in te r f lo w  ccanponents
which a re  d is t in g u is h a b le  on th e  b a s is  of chem istry  and frequency  
o f o ccu rren ce . The d e e p e s t of th e s e  in te r f lo w  pathways have th e  
h ig h e s t  s o lu te  c o n c e n tra tio n  because of th e  in f re q u e n t flow s and 
long  re s id e n c e  tim e of w ate r th rough t h i s  system . In  c o n t r a s t  th e  
pathway n e a re s t  th e  su rfa c e  h as  th e  lo w est chem ical c o n c e n tra tio n  
because of th e  g r e a te r  frequency  of occurrence and th e  in c re a se d  
volume of flow .
B u rt (1979) in d ic a te s  t h a t  throughflow  has a n e a r  co n s ta n t 
c o n c e n tra tio n  o f s o lu te s  in  which th e re  i s  no d i l u t i o n  during  
sto rm s. T h is, th e  a u th o r a t t r i b u t e s  to  i n f i l t r a t i n g  ra in w a te r  
a c q u ir in g  a d is so lv e d  lo a d  to  supply  ra p id  th roughflow . In  
c o n t ra s t  delayed  th roughflow  i s  su p p lie d  by w ater from a
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su b -su rfa c e  s a tu r a te d  wedge o f te n  c re a tin g  a sm all r i s e  in  s o lu te  
c o n c e n tra tio n  in  th e  s tream . W alling (1974) and W alling  and 
F o s te r  (1975) s im i la r ly  n o te  s tream  s o lu te  lo a d in g s  in c re a s e  w ith  
th e  o n se t of sto rm s and a t t r i b u t e  t h i s  to  th e  f lu s h in g  o f so lu b le  
re s id u e s  which have accum ulated  in  th e  s o i l  d u rin g  p reced in g  dry 
p e r io d s . Where storm s fo llo w  one an o th e r in  r a p id  su c c e s s io n  th e  
a u th o rs  show th e  m agnitude of th e  f lu s h in g  e f f e c t  to  be se v e re ly  
d im in ish ed . O verre in  e t  a l  (1981) r e p o r t  th a t  such a  p ro c e ss  i s  
common in  S can d in av ia  d u ring  th e  f i r s t  Autumnal r a in s  and may g iv e  
r i s e  to  a c id ic  f lu s h e s  in  s tream s.
A f u r th e r  p o te n t ia l  h y d ro lo g ic a l pathway th a t  m ust be 
co n sid ered  in  upland  a re a s  i s  t h a t  a s s o c ia te d  w ith  snowpack 
hydro logy . Johannessen  e t  a l  (1980) propose 3 s ta g e s  of snowmelt 
which a f f e c t  w a te r ch em is try . The f i r s t  e f f lu e n t  from a  m e ltin g  
snowpack i s  h ig h ly  e n ric h ed  due to  th e  p re ss in g  o u t of o ld e r  w ater 
s to re d  in  th e  catchm ent (analogous to  th e  f lu s h in g  e f f e c t ) .  The 
second s ta g e  of snowmelt has a high a c id i ty  and a  h igh  
c o n c e n tra tio n  of s o lu te s  because of th e  p r e f e r e n t ia l  m e ltin g  of 
snow en ric h ed  w ith  chem ical im p u r i t ie s .  The th i r d  and f i n a l  s ta g e  
o f snowmelt i s  d i l u t io n  a s s o c ia te d  w ith  a peak in  d isc h a rg e  as th e  
mass m e ltin g  of io n i c a l ly  'pure* snow p ro g re s se s . The a u th o rs  
f u r th e r  su g g es t th a t  fo llo w in g  a snowmelt e q u iv a le n t to  10$ o f  th e  
w a te r p re s e n t;  50$ o f th e  H’*’ and a re  leach ed  o u t. Dahl e t
a l  (1980) u s in g  r a d io a c t iv e  t r a c e r s  to  c a lc u la te  ro u tin g  w ith in  a 
snowpack e s tim a te  th a t  up to  90$ o f th e  t o t a l  8 0 ^ f ound in  th e  
m eltw ate r a r r iv e s  in  th e  f i r s t  30$ o f snowmelt w a te r. This 
d i f f e r e n t i a l  m e ltin g  o f th e  snowpack g iv e s  r i s e  to  a c id ic  f lu s h e s  
i n  stream s and r i v e r s  fe d  by th e  snowpacks. In  S can d in av ia  t h i s  
phenomenon has  been used to  e x p la in  m assive f i s h - k i l l s  du ring  th e
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S p rin g  a c id ic  f lu s h e s  (eg . O verre in  e t  a l  1981). However 
R osv en q v is t (1981) doub ts  t h i s  mechanism of io n ic  s e p a ra t io n , 
s u g g e s tin g  in s te a d  t h a t  th e se  a c id ic  f lu s h e s  a re  a r e s u l t  of th e  
t o t a l  m obile an ion  c o n te n t o f th e  snow, ( f u r th e r  d iscu ssed  in  
s e c t i o n  2 :3 ) .
I n  B r i t a in  th e  e r r a t i c  p a t te r n  of sn o w fa ll e l im in a te s  
e x te n s iv e  snowpack accu m u la tio n  in  a l l  bu t th e  h ig h e s t a l t i t u d e s .  
The on ly  docum entation  on a c id ic  snowmelt f lu s h e s  i s  from th e  
C airngorm s re p o r te d  by M orris and Thomas (1985 ). These a u th o rs  
i d e n t i f y  2 p a th s  in  flow  ro u tin g  from th e  snowpack. The f i r s t  i s  
a  'slow * p a th  in  which t r a v e l  tim e i s  len g th y  and th e re  i s  l i t t l e  
io n ic  v a r i a t i o n  in  th e  w a te r . The second pathway i s  d e sc r ib e d  as 
' f a s t '  and along  which snow im p u r it ie s  a re  washed o u t. 
C onsequen tly  t h i s  pathway shows a s ig n i f i c a n t  v a r i a t io n  in  io n ic  
c o n c e n tra t io n .
V a r ia t io n s  in  hydrochem istry  a re  a lso  re p o r te d  as a  fu n c tio n  
o f  la n d -u se  in  u p la n d -a re a s . H arrim an and M orrison  (1982) 
i n d i c a t e  th a t  th e  r e te n t io n  tim e o f d ra in ag e  w a te r i s  d ra m a tic a lly  
red u ced  by modern p loughing  te c h n iq u e s  p r io r  to  th e  p la n tin g  o f 
c o n i f e r s .  F urtherm ore as  th e  ro o tin g  system  of th e  t r e e s  m a tu res 
w a te r  w i l l  be channeled a long  p r e f e r e n t i a l  routew ays reducing  th e  
amount of mixing w ith in  th e  s o i l  m a tr ix . Newson (1984) r e p o r t s  
t h a t  flow  ro u tin g  through a f o r e s t  p e a t w i l l  n o t n e u t r a l i s e  
incom ing a c id i ty  bu t r a th e r  th e  re v e r s e .
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4The above s e c t io n  has i l l u s t r a t e d  th e  p o te n t ia l  v a r ia t io n  in  
h y d ro lo g ic a l pathways w ith in  a  catchm ent. I t  m ust, however, be 
a p p re c ia te d  t h a t  fo r  any g iv e n  catchm ent only a r e l a t i v e l y  sm all 
number o f h y d ro lo g ic a l r o u te s  and sou rces  w i l l  be im p o rtan t 
{C h ris to p h e rse n  e t  a l  (1 9 8 2 ), S k a r tv e i t  (1981) and Bache (1 9 8 4 )).
2 :3  -A REGIONAL ASSESSMENT OF ACIDIFICATION IN IIPT.AND BRITAIN.
The in t e n t io n  of t h i s  s e c t io n  i s  to  rev iew  work on 
a c i d i f i c a t i o n  undertak en  in  B r i t a in .  A b roader coverage of 
c o n t in e n ta l  s c a le  a c i d i f i c a t i o n  i s  g iv e n  by Oden (1 9 7 6 ), W right 
and Gje s s in g  (1 9 7 6 ), Beamish (1976) and O verre in  e t  a l  (1 9 8 1 ).
The e a r l i e r  s e c t io n s  o f t h i s  review  have shewn th e  im portance 
o f  c o n s id e r in g  a tm o sp h eric  d e p o s it io n  in  a d d i t io n  to  v e g e ta t io n a l ,  
g e o lo g ic a l  and h y d ro lo g ic a l f a c to r s  in  de term in ing  an a re a s  
a b i l i t y  to  b u f fe r  changes in  su rface  w ater d ie m is try  and 
p a r t i c u l a r l y  a c id i ty .  The r e l a t i v e  im portance of each of th e se  
i s ,  however, a s u b je c t o f c o n s id e ra b le  deb a te . Thus bo th  Krug and 
F r in k  (1983) and R osvenqv ist (1985) argue th a t  th e  ro le  of ac id  
d e p o s i t io n  i s  n e g l ig ib le  in  th e  re g io n a l a c i d i f i c a t i o n  of su rfa c e  
w a te rs .  These a u th o rs  s t r e s s  th e  im portance of s o i l  a c id i ty  in  
a c id if y in g  ru n o f f  p a r t i c u l a r l y  as  r e la te d  to  changing la n d -u se . 
R o sen q v is t (1984) p rop o ses  t h a t  th e  la rg e  s c a le  r e g e n e ra tio n  of 
f o r e s t s  and th e  r e v e r s io n  o f la n d  to  ac id  h ea th  produces la rg e  
a re a s  of in c re a s in g ly  a c id  s o i l s ,  which in  tu rn  a re  a c id ify in g  th e  
ru n o f f .  Krug and F rin k  (1983) s im i la r ly  argue th a t  aggrad ing  
v e g e ta t io n  r e s u l t s  in  n e t  c a t io n  uptake and c o n t r ib u te s  to  s o i l  
a c i d i t y .  Bache (1984) n o te s  t h a t  w h ils t  n a tu ra l  f o r e s t  growth
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le a d s  to  th e  p ro d u c tio n  of a c id i ty  due to  excess uptake of base 
c a t io n s ,  t h i s  i s  balanced  by th e  n e u t r a l i s in g  p ro c e sse s  r e s u l t in g  
from th e  m in e r a l i s a t io n  of th e  o rg an ic  l i t t e r  la y e r .  However, 
where c l e a r f e l l in g  i s  p ra c t is e d  t h i s  w i l l  d is ru p t  th e  c y c le  g iv in g  
r i s e  to  s o i l  a c i d i f i c a t io n .
In  c o n tra s t  to  th e se  id e a s  in  r e s u l t s  from Moor House 
(Cumbria) Gorham (1956) s u g g e s ts  t h a t  d i l u t e  upland w a te rs  e x h ib i t  
s im i la r  io n ic  c o n c e n tra tio n s  to  th o se  in  r a i n f a l l .  From t h i s  he 
goes on to  im ply th a t  th e se  w a te rs  d e r iv e  t h e i r  io n s  alm ost 
e n t i r e l y  from a tm ospheric  d e p o s it io n . This dependence on 
a tm ospheric  d e p o s it io n  has g iv e n  r i s e  to  th e  concern  over w ater 
q u a l i ty  in  a re a s  c h a ra c te r is e d  by a  g e o lo g ic  environm ent th a t  i s  
r e s i s t a n t  to  d iem ica l w ea th e rin g . Areas p a r t i c u la r ly  s e n s i t i v e  to  
a tm ospheric  in p u ts  have been i d e n t i f i e d  by L ikens e t  a l (1979) a s  
a re a s  u n d e r la in  by h ig h ly  s i l i c e o u s  ty p e s  of bedrock. H enricksen  
(1980) su g g e s ts  th e  f a c to r s  common to  th e se  a re a s  w i l l  be a 
g r a n i t i c  o r s i l i c e o u s  bedrock, t h in  and patchy  s o i l s  w ith  s o f t  and 
p o o rly  b u ffe re d  s u r fa c e  w a te rs . H enricksen  goes on to  su g g es t 
t h a t  th e  a c i d i f i c a t i o n  o f th e se  a re a s  i s  th e  r e s u l t  o f a la rg e  
s c a le  a c id -b a se  t i t r a t i o n ;  b ases  t h a t  have been s e t  f r e e  by th e  
w eath e rin g  of prim ary ro ck  a re  t i t r a t e d  w ith  a c id s  th a t  a re  
d e p o s ite d  from th e  atm osphere. S im ila r ly  he p roposes an a c id i ty  
t r a n s i t i o n  of la k e  w ate rsh ed s above w hich, in  la k e s  dom inated by 
b ic a rb o n a te  th e  geology of th e  w atershed  c o n tro ls  th e  w ater 
chem istry  r e g a rd le s s  o f th e  p r e c i p i t a t io n  a c i d i ty .  Below th e  
t r a n s i t i o n  in  su lp h a te  dom inated a c id  la k e s  p r e c i p i t a t io n  q u a l i ty  
w i l l  dom inate th e  w a te r ch em is try . F ig  2 :5  sum m arises th e  a re a s  
i n  Europe th a t  have been id e n t i f i e d  as s e n s i t iv e  to  atm ospheric  
in p u ts  of a c id i ty .  The l a r g e s t  a re a s  a re  th o se  of h ig h ly
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Fig. 2:3 Acid Precipitation in North-Western Europe, Comparing 
1936 (thin isolines) and 1974 (thick isolines) Data
Acidity is shown by the numbers on the curving isolines. The two sets 
of isoline nos. are based on volume weighted, average concentrations 
of H+ ions ji>eq 1-1) of precipitation. The coloured areas of the map 
indicate areas that are most susceptible to acid rain because of the 
geology of their bedrock. In general, they are areas with highly 
siliceous types of bedrock.
(Source : Likens et al., 1979)
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s i l i c e o u s  bedrock of th e  Precam brian s h ie ld  a re a s .
Fundamental t o  a s s e s s in g  tre n d s  in  s u rfa c e  w ater 
a c i d i f i c a t i o n  i s  th e  a v a i l a b i l i t y  of lo n g -te rm  re c o rd s  o f s u i ta b le  
q u a l i ty .  However in  B r i t a in  th e se  re c o rd s  a re  a t  b e s t  p iecem eal. 
N e v e rth e le ss , th e  fo llo w in g  summary can be assem bled from an 
in c re a s in g  number of lo c a l i s e d  s tu d ie s .
Work in  mid Wales by both  th e  I n s t i t u t e  of Hydrology and th e  
Welsh Water A u th o rity  have i d e n t i f i e d  sh o r t- te rm  a c i d i f i c a t i o n  of 
up land  s tre a m s. Newson (1984) r e p o r ts  th e  sh o r t- te rm  
a c i d i f i c a t i o n  o f s tream s a t  P lynlim on to  be d ram atic  fo llo w in g  
ra in y -p e r io d s .  Newson a ls o  n o te s  t h a t  such a c i d i f i c a t i o n  i s  more 
marked in  f o r e s te d  catchm ents. Gee and S to n er (1984) id e n t i f y  th e  
a re a  of slow w eathering  ro ck s  of th e  Cambrian, O rdov ic ian  and 
S i lu r i a n  s e r i e s  in  th e  a re a  su rround ing  C ardigan Bay as 
p a r t i c u la r ly  v u ln e ra b le  to  a c id i f i c a t io n .  These a u th o rs  propose 
t h a t  w a te r q u a l i ty  in  t h i s  a re a  i s  l a r g e ly  governed by la n d -u se  
and th e  a b i l i t y  to  b u f fe r  a c id i ty .  Using w ate r h a rd n ess  as a 
m easure of th e  a b i l i t y  of s tream s to  n e u t r a l i s e  a c id i ty  th e  
a u th o rs  id e n t i f y  3 g roups of stream  in  mid-W ales:
( i )  H ardness >10 Mg.1 ^
( i i )  H ardness 8-10 Mg.l"^
( i i i )  H ardness <8 M g.l"^
Such a  c l a s s i f i c a t i o n  a llo w s th e  p re lim in a ry  i d e n t i f i c a t i o n  
o f  th o se  s tream s most v u ln e ra b le  to  a c id i f i c a t io n .  W ith in  each 
group , S to n er and Gee r e p o r t  p o o rer w a te r to  be C3îs.g^erated  by 
c o n ife ro u s  a f f o r e s ta t io n .  Both Newson (1984) and Gee and S toner
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(1984) su g g es t t h a t  stream s in  mid-W ales e x h ib i t  improved w ater 
q u a l i ty  c o n d itio n s  d u rin g  th e  summer in  a s s o c ia t io n  w ith  low 
flow s.
A c id i f ic a t io n  in  upland  ca td im en ts  of th e  E n g lish  Lake 
D i s t r i c t  i s  d isc u sse d  by P ennington  (1984). P enning ton  argues 
t h a t  n a tu ra l  p ro c e sse s  have a c id i f ie d  much of th e  upland a re a  of 
so u th e rn  Cumbria b e fo re  any p o s s ib le  im pact o f th e  burn ing  of 
f o s s i l  f u e ls .  P ro g re ss iv e  a c i d i f i c a t i o n  in  t h i s  re g io n  i s  da ted  
a s  commencing 5000 y e a rs  ago. The p ro cesse s  invo lved  a r e  proposed 
a s :
( i )  The removal of b a s ic  io n s  from th e  s o i l  by th e  
r a i n f a l l ,  th e  r a t e  of which in c re a se d  a f t e r  th e  
removal of prim ary (dec id u o u s) f o r e s t  by man.
( i i )  A c id i f ic a t io n  o f s o i l s  and w a te r  by decom position  of 
C a llu n a  and r e la t e d  p la n ts  which rep la c e d  th e  t r e e s .
( i i i )  F u r th e r  a c i d i f i c a t i o n  by th e  n a tu ra l  accum ula tion  
o f p e a t w ith  a s s o c ia te d  impeded d ra in ag e  and th e  
p r o l i f e r a t i o n  o f ac id  g e n e ra tin g  Sphagnum swamps.
These 3 p ro c e sse s  a re  c i te d  by Pennington as  th e  cause of 
a c i d i f i c a t i o n  in  upland  a re a s  where th e  form er h a b i t a t  
deciduous f o r e s t  has been s u b je c t to  5 m ille n n ia  of la n d -u se  
change by man.
The chem ical com position  o f su rfa c e  w a te rs  in  th e  Lake 
D i s t r i c t  i s  re p o r te d  by S u tc l i f f e  e t  a l  (1982) who compare sam ples 
ta k e n  d u ring  th e  p e rio d  1953-56 and 1974-76. Using th e se  d a ta  
s e t s  p lu s  a d d i t io n a l  s p o t sam ples th e  a u th o rs  a r r iv e  a t  th e
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c o n c lu s io n  th e re  h a s  been no In c re a s e  in  a c id i ty  o r low ering  o f  
a l k a l i n i t y  in  th e  m ajor s u rfa c e  w a te rs  of th e  Lake D i s t r i c t  over 
th e  l a s t  50 y e a rs .  However th e  work i s  c e n tre d  on la rg e
ca tchm en ts  (eg . W indermere, B u tte rm ere) which have a la rg e  range 
o f l i t h o l o g i e s  and a re  s u b je c t  to  v a r io u s  la n d -u s e s  and 
in t e r f e r e n c e s  from man (eg , lim in g  of a g r i c u l tu r a l  land )
B a tte rb e e  (1984) a ls o  in d ic a te s  t h a t  th e  stu^y  by S u tc l i f f e  e t  a l 
( 1982) i s  based on a r e l a t i v e l y  s h o r t  tim e base in  which chem ical 
re c o rd s  a re  u n lik e ly  to  show a s ig n i f i c a n t  change, (compared w ith  
th e  lo n g  h is to r y  and slow r a t e  of a c i d i f i c t i o n  in  S c o tla n d ) .
A re g io n a l  su rvey  of 72 lo c h s  in  th e  Galloway re g io n  of 
S c o tla n d  by W right e t  a l  (1980) in d i c a te s  th a t  th e  a c id i f ie d  la k e s  
o f th e  a re a  have SO^”^ as th e  major an io n , ty p i c a l ly  low calcium  
c o n c e n tra t io n s  and a re  m ostly  lo c a te d  on g r a n i t i c  bedrock. The
o ccu rren c e  of th e se  la k e s  i s  bo th  above and below a re a s  a f f e c te d
by a f f o r e s ta t io n .  The a u th o rs  conclude th a t  w h ils t  a f f o r e s ta t io n  
may a f f e c t  th e  io n ic  com position  of f re s h w a te rs , on a re g io n a l 
b a s is  th e se  v a r ia t io n s  a re  masked by p r e c ip i t a t io n  d ie m is try , 
ca tchm en t geology and s o i l s .
The com parative s tu d y  of s tream s d ra in in g  f o r e s te d  and 
m oorland a re a s  in  th e  Loch Ard a re a  of S co tlan d  by Harrim an and 
M orrison  (1982) concludes t h a t  a l l  s tream s a re  a c id i f ie d  by ac id  
p r e c i p i t a t i o n ;  However under low flow  c o n d itio n s  th e  moorland 
s tre a m s  ach ieved  a n o n -a c id if ie d  s t a t u s  (acco rd in g  to  H enriksens* 
in d i c a to r  d iag ram ), w hereas f o r e s t  s tream s a re  perm anently  
a c i d i f i e d .  T his d if f e re n c e  i s  a t t r i b u t a b l e  to  crown le a d i in g ,  
n u t r i e n t  u p tak e , d im in ished  r e t e n t io n  tim e of d ra in ag e  w ate rs  and 
g r e a t e r  a tm ospheric  f i l t e r i n g  in  th e  fo r e s te d  catchm ents.
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F ish e ry  reco rd s  a re  a l s o  used to  p rov ide an in d ic a t io n  of th e  
d e t e r io r a t i o n  of su rfa c e  w a te r  q u a l i ty ,  Harrim an and W ells (1984) 
su g g e s t t h a t  th e  d e c lin e  and lo s s  o f  f is h s to c k s  a re  a s s o c ia te d  
w ith  w a te r  at pH <5.0 (H^ > 10 peq l ” ^ ) in  a re a s  w ith  a h igh
lo a d in g  of ac id  p o l lu ta n t s .  Using th e se  c r i t e r i a  th e  a u th o rs  
docunen t fo u r  lo c h s  (Enoch, Arron, Narroch and F le e t )  i n  th e  
G alloway re g io n  which when n e t te d  d u rin g  1979-1980 f a i l e d  to  y ie ld  
any f i s h .  P r io r  to  1940 and 1970 r e s p e c t iv e ly  Loch Enoch and Loch 
F le e t  a re  known to  have had in d ig en o u s  t r o u t  p o p u la tio n s .
The s in g u la r  most unambigous ev idence fo r  th e  a c i d i f i c a t i o n
o f la k e s  in  B r i t a in  i s  th e  work by F low er and B a tte rb e e  (1983) and
B a tte rb e e  (1984) on diatom  assem blages. Changing a c id i ty  of th e
la k e s  i s  in d i r e c t ly  in f e r r e d  from changes in  th e  diatom
assem blages from o ld e r  sed im en ts  r i c h  in  a lk a l ip h i lo u s  and
a l k a l i b i o n t i c  to  more r e c e n t  sed im en ts  r ic h  in  a c id o p h ilo u s  and
a c id o b io n t ic  d ia tom s. The sed im en ts  a re  da ted  u sin g  is o to p ic  
210 Pb m ethods. This work has been cen tred  on th e  Lochs o f 
G allow ay, S.W. S co tlan d  w here, u s in g  th e se  diatom  te c h n iq u e s , th e  
a u th o rs  show a marked a c i d i f i c a t i o n  tre n d  in  r e c e n t  sed im en ts  . 
These r e s u l t s  a re  reproduced  in  ta b le  2 :1 .  A d ec rease  in  la k e  pH 
o f betw een 1.2 and 0 .5  pH u n i t s  i s  id e n t i f i e d  a lthough  t h i s  i s  
s u b je c t  to  a  s tan d a rd  e r r o r  in  th e  re g io n  of "**- 0 .2 5 -0 .5  pH
u n i t s .  B a tte rb ee  (1984) co ncludes  from t h i s  work th a t  n a tu ra l  
a c i d i f i c a t i o n  cannot be reg a rd ed  a s  th e  m ajor cause o f observed 
r e c e n t  a c i d i f i c a t io n  in  B r i t a in  a lth o u g h  th e  au th o r re c o g n ise s  th e  
d i f f i c u l t i e s  in  id e n t i f y in g  th e  p o s s ib le  e f f e c t s  of la n d -u se  
change. In  S co tlan d  th e  m ajor la n d -u s e  change has been in c re a se d  
a f f o r e s t a t i o n  in  upland  a r e a s .  The diatom  d a ta  p re se n te d  by
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B a tte rb e e  (1984) ( t a b l e  2 :1 )  show th a t  la k e s  w ith  n o n -fo re s te d  
catchm en ts have been a c i d i f i e d .  In  th e  l i g h t  of t h i s  F low er and 
B a tte rb e e  (1983) su g g e s t t h a t  a s  f o r e s te d  la k e s  w ere a c id i f ie d  
p r io r  to  a f f o r e s t a t io n ,  a f f o r e s t a t i o n  cannot be reg a rd ed  as a 
prim ary  or s o le  cause  of s u r fa c e  w ate r a c i d i f i c a t io n .  B a tte rb ee
(1984 p. ) f i n a l l y  co n c lu d es  t h a t  "  th e  tem poral and s p a t i a l
p a t te r n s  of a c i d i f i c a t i o n  w ith in  N.W Europe a re  c o n s is te n t  w ith  
th e  h y p o th e s is  t h a t  a c id  p r e c i p i t a t i o n  i s  th e  m ajor cause of 
r e c e n t  a c i d i f i c a t i o n  of la k e s  so  f a r  s tu d ie d ."
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CHAPTER .3 .,J-.L.0.gH. PEE; A MULTIPLE.JgAICHMENI. B m i? ! .
3:1 INTRODUCTION.
In  fo rm u la tin g  o n e 's  aims and o b je c t iv e s  f o r  a  p a r t i c u l a r  
study  i t  i s  p e r t in e n t  to  co n s id e r  th e  a p p ro p r ia te  s c a le  o f enq u iry  
needed to  meet th e  aims and o b je c t iv e s  o f th a t  s tu d y . F a i lu r e  to  
c o n s id e r  such a m a tte r  may le a d  to  a t o t a l l y  in a p p ro p r ia te  s c a le  
an d /o r  ex perim en ta l desig n  to  o n e 's  re s e a rc h .
In  h y d ro lo g ic a l and hydrochem ical re s e a rc h  in v e s t ig a t io n  
ran g es  from sm all ly s im e te r  and ex p erim en ta l p lo t s  to  la rg e  s c a le  
w atershed  s tu d ie s ,  sm a ll w atersheds form ing p a r t  of t h i s  
continuum . Ward (1971 p .7) d e f in e s  sm all ex perim en ta l w atersheds 
a s  " . . . .  a sm all c a r e fu l ly  s e le c te d  stream  b a s in  which has been 
in s tru m en ted  fo r  a s p e c i f i c  h y d ro lo g ic a l or o th e r  in v e s t ig a t io n  
and in  which c a lc u la te d  env ironm enta l changes may or may n o t be 
in tro d u c e d  during  th e  p e rio d  o f s tu d y " . The j u s t i f i c a t i o n  fo r  th e  
use of such ex p erim en ta l catchm ents or w atersheds i s  a ls o  
d isc u sse d  in  d e t a i l  by Ward (1971); th e  use of which in  
u n d ers tan d in g  chem ical, h y d ro lo g ic a l and whole ecosystem s i s  w e ll 
e s ta b l is h e d  in  th e  l i t e r a t u r e .  The c l a s s i c  w atershed  s tudy  a t  
Hubbard Brook, New England d e sc r ib e d  by L ikens e t  a l (1977) 
p ro v id es  an e x c e l le n t  example of how w atersheds may be u t i l i s e d  to  
y ie ld  in fo rm a tio n  abou t th e  r e la t io n s h ip s  and in t e r n a l  fu n c tio n s  
o f an e c o sy s te n . F u r th e r  work a t  Hubbard Brook d e sc rib e d  by
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Bormann and L ikens (1979) In tim a te s  th e  u se  of th e  w atershed  
approach to  a s s e s s  h iogeochem ical budgets  in  which e q u a tio n s  " 
r e l a t i n g  d is s o lv e d  su b s ta n c e  and p a r t i c u l a t e  m a tte r  c o n c e n tra tio n s  
t o  s tream w ate r f lu x  r a t e s  " ( p .37) a re  used to  p r e d ic t  n u t r i e n t  
o u tp u t from stream  d isc h a rg e  a lo n e . In  B r i t a in  th e  I n s t i t u t e  of 
H y d ro lo g y 's  long  term  s tudy  a t  P lynlim on, m id-W ales h as  examined 
th e  h y d ro lo g ic a l c h a r a c t e r i s t i c s  of e s ta b l is h e d  f o r e s t r y  and rough 
p a s tu r e .  One of th e  p r in c ip a l  o b je c tiv e s  of th e  study  has been to  
compare th e  w a te r  b a lan ce  of th e  p a s tu re  ( in  th e  Wye catchm ent) 
w ith  th a t  under f o r e s t r y  ( th e  Severn  ca tch m en t), C alder and Newson 
(1 9 7 9 ). R e su lts  from 10 y e a rs  of o p e ra t io n  of th e  P lynlim on 
ca tchm en ts re p o r te d  by C a ld e r and Newson (1979) in d i c a te  a  mean 
d if f e r e n c e  in  w a te r  l o s s  from th e  catchm ents of 444mm, e q u iv a le n t 
to  20% o f  th e  r a i n f a l l  over th e  fo re s te d  a re a ; w h i ls t  ru n o f f  from 
th e  Wye i s  83% o f  g ro s s  p r e c i p i t a t i o n  and t h a t  of th e  Severn  62%.
In  1979 a com m ittee c o n s is t in g  o f r e p r e s e n ta t iv e s  from th e  
SRPB, th e  F o re s try  Commission and th e  D epartm ent of A g ric u ltu re  
and F is h e r ie s  (S c o tla n d )  was e s ta b l is h e d  t o  i n i t i a t e  a combined 
r e s e a rc h  e f f o r t  d e a lin g  w ith  th e  p o s s ib le  e f f e c t s  of ac id  
p r e c i p i t a t i o n  and a f f o r e s t a t i o n  on s u rfa c e  w a te r  eco logy . The 
com m ittee hav ing  d ec id ed  th e  ex p erim en ta l w a te rsh ed  a s  th e  most 
a p p ro p r ia te  s c a le  of en q u iry  in  i s o l a t i n g  th e se  f a c to r s ,  
in v e s t ig a te d  s e v e ra l  p o te n t i a l  s i t e s .  T h e ir  s e le c t io n  was guided 
by th e  same b a s ic  c r i t e r i a  su g g ested  by Ward (1971) p . 12;
i .  The a re a  m ust be s u i t a b le  f o r  ru n o f f  m easurem ent.
i i .  The a re a  m ust be c l e a r ly  d e f in a b le  bo th  to p o g ra p h ic a lly  
and in  term s o f su b su rfa c e  flow  in  o rd e r  to  de term ine 
a c c u ra te ly  th e  a re a  of in p u t p r e c i p i t a t i o n  and
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g roundw ater flow .
i i i .  T here w i l l  have to  be a range of a s p e c ts  so  t h a t  a l l  
ty p e s  of exposure , in s o la t io n ,  p r e c i p i t a t i o n  and 
d ra in a g e  c o n d it io n s  e x i s t .
iv .  The p o s s i b i l i t y  o f i s o l a t i n g  t r i b u ta r y  catchm ents 
w ith in  th e  ex p erim en ta l catchm ent must be p re s e n t  in  
o rd e r  to  q u a n t ify  and compare a range o f c o n d itio n s  
( i n  t h i s  case  la n d -u s e ) .
A lso s e v e ra l  'n o n - s c i e n t i f i c '  c r i t e r i a  were co n sid e re d :
i .  R easonable s i t e  a c c e s s i b i l i t y  to  allow  s i t e  m a in ta inance 
and sam ple c o l le c t io n .
i i .  The w il l in g n e s s  o f th e  land-ow ner (F o re s try  Commission) 
t o  c o o p e ra te  w ith  th e  re s e a rc h  o rg a n is a t io n s .
i i i .  A catchm ent s iz e  which would be e a s i l y  managed and 
c o n t ro l le d .
A f te r  c a r e fu l  c o n s id e ra t io n  of th e se  c r i t e r i a  and th e  o p tio n s
a v a i l a b l e ,  th e  com mittee chose Loch Dee as th e  most s u i ta b le .
3 :2 :1  -T h e  Loch Dee P r o je c t .
In  l a t e  1979 th e  r e p r e s e n ta t iv e s  form ing th e  a fo re-m en tioned
com m ittee ( s e c t io n  3 :1 ) i n i t i a t e d  th e  Loch Dee P ro je c t .  The
i n t e r e s t e d  p a r t i e s  agreed  upon 2 m ajor o b je c t iv e s :
i .  To a s s e s s  th e  combined and in d iv id u a l  e f f e c t s  of ac id  
p r e c i p i t a t i o n  and c o n ife ro u s  a f f o r e s t a t i o n  on su rfa c e  
w a te r  eco lo g y ; and
i i .  t o  im prove th e  p o te n t ia l  of Loch Dee as a t r o u t  
f i s h e r y  and develop  a  r e a l i s t i c  management programme 
f o r  f u tu r e  y e a r s .
In  o rd e r  to  m eet th e se  o b je c t iv e s  th e  th re e  m ajor catchm ents of
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th e  Loch Dee b a s in  have been m onito red  to  d e te c t  any d if f e r e n c e s  
betw een th e  catchm ents which a re  d i f f e r e n t i a t e d  by t h e i r  la n d -u se  
and la n d  management.
The fo llo w in g  s u b - s e c t io n s  d e sc r ib e  both  th e  g e n e ra l s e t t in g  
o f Loch Dee and th e  d e t a i l s  of each of th e  th re e  m ajor
ca tchm en ts .
3 :2 :2  .Lg,oliJtejg.,_Th£-.GjengraI. S e t t in g .
Loch Dee i s  s i tu a te d  in  th e  rem ote a re a  of th e  Galloway
H i l l s ,  S.W S co tlan d  (N.G.R 470790). The study  a re a  c o n s is ts  of
th re e  m ajor catchm ents flow ing  i n t o  th e  lo c h , th e  D a rg a ll Lane to
th e  w e s t, th e  W hite Laggan w ith  i t s  t r ib u ta r y  th e  B lack  Laggan to
th e  so u th  and th e  G reen Burn to  th e  s o u th -e a s t ;  th e se  a re  shown in
2f ig  3 :1 .  The catchm ent a re a  m easures 15.6 km. of which th e  loch
2su r fa c e  o ccup ies 1.0 km. (B urns e t  a l  1984). Catchment a l t i t u d e  
a c ro s s  th e  s tudy  a re a  ran g es from 225m. a t  th e  lo ch  sh o re  to  
716m. a t  th e  head of th e  D a rg a ll Lane catchm ent. N early  two 
t h i r d s  o f th e  catchm ent i s  above 305m. The s tudy  a re a  i s  ty p ic a l  
o f much of up land  S co tlan d  com prising  p a r t  of a  g la c ia te d  v a l le y  
which has s te e p  and rugged s id e s  w ith  a broad v a l le y  f lo o r  w ith  
accu m u la tio n s  of p e a t and g l a c i a l  d e p o s its .
The c lim a te  a t  Loch Dee i s  b e s t  d esc rib e d  a s  cool and w et. 
Annual r a i n f a l l  i s  2200 mm. The r a i n f a l l  i s  dom inan tly  cy c lo n ic  
a s s o c ia te d  w ith  th e  predcxninant w e s te r ly  winds w ith  th e  passage of 
N orth A t la n t ic  d e p re s s io n s  over th e  Galloway H i l l s .  Based on a 
d a i ly  mean te m p era tu re  th re s h o ld  of 6°C. Burns e t  a l (1984) 
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lo c h  s id e  to  150 days on th e  h igh  ground.
Work in  th e  Loch Dee catchm ent fo r  th e  p e r io d  1980-1982 
re p o r te d  by Burns e t  a l  (1984) su g g e s t t h a t  i f  th e  s e a - s a l t
component of th e  bu lk  p r e c i p i t a t i o n  i s  removed from th e  io n  
ch em istry  s u lp h a te  i s  th e  l a r g e s t  rem aining component. The 
a u th o rs  a ls o  in d ic a te  th a t  Loch Dee i s  tran sfo rm in g  to  a s u lp h a te  
dom inated system  from a b ic a rb o n a te  one. This co n v e rs io n  i s  
ty p ic a l  of a c id i f ie d  s u r fa c e  w a te rs  in  S co tlan d  and o th e r
c o u n tr ie s  (W right e t  a l  1980).
The work re p o r te d  in  t h i s  p a r t i c u l a r  study i s  co n fin ed  to  
in v e s t ig a t io n s  u n d ertak en  in  th e  th re e  catchm ents, c o n s id e ra t io n  
o f th e  loch  i s  o m itte d . The th r e e  catchm ents l i e  in  ju x ta p o s i t io n  
and a r e  assumed to  have th e  same m e te o ro lo g ic a l in p u t ,  th e
u n d e rly in g  geology i s  common to  a l l  th re e  catchm ents in  v ary in g  
p ro p o r tio n s  and each catchm ent i s  r e a d i ly  d e f in a b le
3:2:3 jSolid Geology.
The a re a  of Loch Dee i s  dom inated by two ro o k - ty p e s  
sed im en tary  greyw ackes and s h a le s  o f O rdovician  and S i lu r i a n  age 
which o u tc ro p  to  th e  so u th  of th e  a re a , and in t r u s iv e  igneous 
ro ck s  of l a t e  S i lu r i a n  age o u tc ro p p in g  p redom inan tly  in  th e  low er 
a re a s  to  th e  n o rth  of th e  ca td im e n t. The d i s t r i b u t io n  of th e se  
two ro ck  ty p e s  i s  show in  f i g  3 :2 .  These igneous ro ck s  a re  
d e r iv e d  frcmi th e  so u th e rn  end o f th e  Loch Doon igneous complex. 
W h ils t in  th e  g e o lo g ic a l su rv ey  tiie  ro ck s  a re  sim ply d e sc r ib e d  as 
g r a n i t e  Brown e t  a l  (1979 p .746) d e sc r ib e  th e  igneous ro ck s  shown 
in  f i g  3 :2  a s  " ra p id ly  changing  from a m onzonite and m o n z o d io rite
-  50 -
FIG 3:2 The Solid and Drift Geology of the Loch Dee Catchments
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to  h ypers thene  d i o r i t e  over some 200m." T his g r a n i t i c  ty p e  geology 
g iv e s  th e  catchm ents an im perm eable s u b s t r a te  which in  co n ju n c tio n  
w ith  th e  th in  s o i l s  and s te e p  upland s lo p e s  g iv e s  r i s e  to  a  f la sh y  
ru n o f f  re sp o n se .
3 :2 :4  D r i f t  Geologv and S o i l s .
The bedrock  of th e  catchm ent a re a  around Loch Dee i s  m antled 
by a  d r i f t  cover of a lluv ium  and p e a t around th e  lo ch  m argins. 
Surrounding th e  low er a re a s  in  each o f th e  th re e  catchm ents a re  
s u b s ta n t i a l  d e p o s its  o f m o ra in ic  m a te r ia l  and t i l l ,  th e  
d i s t r i b u t io n  o f which i s  shewn in  f ig  3 :2 . The s o i l s  of th e  
catchm ent a r e  dom inated by c l im a t ic  and b as in  p e a ts  which a re  
p a r t i c u la r ly  th ic k  (>1m) i n  g e n t ly  s lo p in g  a re a s .  The s o i l s  on 
th e  low er s lo p e s  have some podzo li c  developm ent a lth o u g h  th e se  
s o i l s  a r e  dom inated by a peaty  h o rizo n .
Mapping o f th e  Loch dee s o i l s  re p o r te d  by Down (1973) shows 
th e  s o i l s  to  belong to  two main a s s o c ia t io n s ,  th e  D a lb e a tt ie  and 
E t t r i c k ,  shewn in  f i g  3 :3 . I t  i s  th e  greywackes and s h a le s  of 
O rdov ic ian  and S i lu r i a n  age which g iv e  r i s e  to  th e  p a re n t m a te r ia l  
of th e  E t t r i c k  a s s o c ia t io n .  Bown (1973) su g g e s t th e se  s o i l s  
r e f l e c t  a p a re n t m a te r ia l  of v a r ia b le  chem ical com position  from an 
a c id  igneous rock  ( g r a n i te )  to  th a t  o f an in te rm e d ia te  c a n p o s it io n  
l i k e  a n d é s ite .  The E t t r i c k  s o i l s  a ls o  have a h igh  co n ten t of 
g l a c i a l  t i l l  and m oraine which g iv e s  r i s e  to  some impeded 
d ra in a g e . The p a re n t m a te r ia l  of th e  D a lb e a tt ie  A sso c ia tio n  i s  
d e r iv e d  from th e  g r a n i t i c  in t r u s io n s  in  th e  a re a  (Loch Doon 
com plex). Both p a re n t m a te r ia ls  have slow r a t e s  of chem ical 
w ea thering  and co nsequen tly  th e  r a t e  of chem ical breakdown of
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FIG 3:3 The Soils of Loch Dee
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f r e s h  ro ck  i s  slow . F ig . 3 :3  shows th e  s o i l  a s s o c ia t io n s  to  be 
w e ll developed a c ro s s  th e  study  a re a , however, s i t e  ev idence 
su g g e s ts  t h a t  b la n k e t p e a t i s  much more e x te n s iv e  in  th e  h ig h e r 
p a r t s  of th e  catchm ents th a n  i s  im p lie d  on th e  s o i l  map. The 
s o i l s  d e sc r ib e d  by Bown (1973) a r e  those  which developed 
p r e - a f f o r e s ta t io n ;  w ith  a f f o r e s t a t i o n  th e se  s o i l s  have been 
g r e a t ly  d is tu rb e d  w ith in  th e  a re a  of p la n tin g  by th e  use of 
improved d ra in a g e  te c h n iq u e s  ( s e c t io n  3 :3 :4 ) .  Futherm ore th e  
s im p l ic i ty  of th e  s o i l  p a t te r n  shown in  f ig .  3 :3  i s  d is ru p te d  in  
some l o c a l i t i e s  by s o i l  com plexes form ed in  th e  v i c in i t y  of rugged 
topography .
3 :3 :1  -V egetation. Land-use and Land Management.
P r io r  to  a f f o r e s t a t i o n  in  th e  Loch Dee b asin  th e  a re a  formed 
p a r t  of an e x te n s iv e  h i l l  farm su p p o rtin g  a l im i te d  sheep  and 
c a t t l e  p o p u la tio n . Tivy (1954) s u g g e s ts  t h a t  th e  m oorland 
v e g e ta t io n  of th e  S o u th ern  U plands was fo r  th e  m ost p a r t  a  
sub -c lim ax  community, a b io t i c  clim ax imposed by man and h i s  
g ra z in g  an im a ls . Tivy (1954) a l s o  re c o g n ise s  s u b -d iv is io n s  of 
such a community due to  d i f f e r e n c e s  in  landform  ( p a r t i c u l a r l y  
s lo p e  and d ra in a g e ) ,  a l t i t u d e  and c lim a te . The h a b i t a t s  and 
a s s o c ia t io n s  d e sc r ib e d  by Tivy (1954) and a p p lic a b le  to  Loch Dee 
range from dry  g ra s s  and h e a th e r  moorland on th e  s te e p e r  
w e ll-d ra in e d  s lo p e s  to  b racken  and m o lin ia  on th e  low er s lo p e s . 
The t i l l  i n f i l l  in  th e  v a l le y  f l o o r s  i s  dom inated by p e a t and 
*m o lin ia  flow s* . F ie ld  o b s e rv a tio n  su g g e s ts  t h i s  i s  f r e q u e n t ly  
th e  case . Bown (1973) d e s c r ib e s  th e  la n d  c a p a b i l i ty  
c l a s s i f i c a t i o n  o f th e  a re a  ( p r io r  to  a f f o r e s ta t io n )  a s  la n d  
c la s s e s  6 and 7 w ith  very  s e v e re  l im i t a t i o n s  r e s t r i c t i n g  use to
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rough g ra z in g  and f o r e s t r y .  L oca l, more se v e re  r e s t r i c t i o n s ,  
e x i s t  w ith  th e  s te e p  s lo p e s  i n  th e  h ig h e s t  p a r t s  o f th e  catchm ent 
and a l s o  th e  h igh  p e a t c o n te n t o f th e  s o i l s .
Between 1973 and 1975 th e  F o re s try  Commission i n i t i a t e d  a 
p la n tin g  programme of S itk a  sp ru ce  (P ic e a  S i to h e n s is  C a rr) and 
a l s o  sm a ll numbers o f Lodgepole p ine  (P inus C o n to rta  Loud). 
However t h i s  change in  la n d -u se  h as  been c a r r ie d  ou t on a 
s y s te m a tic  b a s is  a llo w in g  a com parative  study  betw een th e  3 m ajor 
catchm ents a t  Loch Dee. The fo llo w in g  s e c t io n s  d e s c r ib e s  each of 
th e  catchm ents, th e  la n d -u se  and la n d  management each has been 
s u b je c t  to  s in c e  a f f o r e s ta t io n .  A b r i e f  summary o f each of th e  
catchm ents i s  g iv e n  in  ta b le  3 :1 .
3 :3 :2  D arg a ll, la n e .
The a re a  o f th e  D a rg a ll Lane catchm ent to  th e  gauging s t a t i o n  
2i s  2 .1  km. . Much of t h i s  a re a  was o r ig in a l ly  t r i b u t a r y  to  th e  
G lenhead burn which ru n s  in t o  Loch T ro o l. However th e  s tream  has 
been d iv e r te d  i n t o  th e  D a rg a ll Lane probably  in  th e  1930s* to  
b oost th e  flow  fo r  th e  Galloway power scheme. The upper p a r t  of 
th e  catchm ent has a  s te e p  c l i f f - l i k e  su rro u n d in g , ty p ic a l  of 
c o r r ie s .  These s te e p  su rro u n d in g  s lo p e s  w ith  a  sem i-enclosed  
f lo o r  g iv e  th e  catcdiment an  arm ch a ir l i k e  shape. The c o r r ie  f lo o r  
has a  th ic k  accum ula tion  of p e a t which r e t a in s  poo ls o f s tan d in g  
w a te r , some o f which can be seen  in  p la te  I .
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PLATE I View down the Dargall Lane Catchment 
from Lamachan
PLATE II View up the Dargall Lane from the 
gauging station
The D arg a ll Lane catchm ent a c ts  as  th e  c o n tro l catchm ent in  
t h i s  s tu d y , s in c e  th e  F o re s try  Commission have ag reed  to  le av e  th e  
catchm ent u n c u lt iv a te d  u n t i l  a t  l e a s t  1990. The catchm ent 
p ic tu re d  in  p la te s  I  and I I  i s  dom inated by Sphagnum, M olin ia  and 
g ra s s  ,v e g e ta t io n  ty p ic a l  o f up land  m oorland a re a s ;  only  in
th e  low er a re a  of th e  catchm ent does th e  v e g e ta t io n  beccxne more
v a r ie d  to  in c lu d e  some h e a th e r  and bracken.
The stream  channel i s  in c is e d  in to  th e  p e a t fo r  much of i t s  
le n g th ,  th e  bed of which i s  l in e d  w ith  s to n e s  and b o u ld e rs . 
Stream  w idth v a r ie s  between 1-2 m. L i t t l e  (1985) h as  c a lc u la te d  
th e  average g ra d ie n t  fo r  th e  catchm ent to  be 1 1 .6 ° . However th e  
g ra d ie n t  of th e  catchm ent i s  broken by a  s te e p  m iddle s e c t io n  
where w ater is s u in g  from th e  c o r r ie  f a l l s  over a ro ck  s te p  in to  
th e  low er a re a  of th e  catchm ent.
3 :3 :3  -The. W hite Laggan ga.tflhm.ent.
The t o t a l  a re a  of th e  W hite Laggan catchm ent to  th e  gauging 
2s t a t i o n  i s  5 .68  km. , t h i s  f ig u r e  in c lu d e s  th e  a re a  d ra in e d  by th e  
B lack Laggan a t r i b u ta r y  of th e  W hite Laggan (se e  f ig  3 :1 ) .  The 
catchm ent o ccup ies th e  head o f a broad g la c ia l  v a l le y .  Average 
s lo p e  of th e  catchm ent c a lc u la te d  by L i t t l e  (1985) i s  1 0 .4 ° . The
stream  channel i s  in c is e d  in t o  th e  p ea t and s o i l s  o f th e  upper
catchm ent w h ils t  in  th e  low er catchm ent th e  stream  channel runs 
th rough th e  a l l u v i a l  d e p o s its .  In  s e v e ra l s e c t io n s  of bo th  th e  
B lack Laggan and th e  W hite Laggan th e  channel ru n s  through 
bedrock. The stream  bed re a c h e s  w id th s  o f up to  4 m e tres  in  th e  
W hite Laggan and 3 m e tres  in  th e  B lack  Laggan. Along th e  stream
3^  (Nardus stricta)
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bed g ra v e l ,  s to n e s  and some la rg e  b o u ld e rs  a re  commonplace.
The upper p a r t  o f th e  catchm ent c o n s is ts  of v e g e ta t io n  
dom inated by M olin ia  and Sphagnum. In  th e  low er p a r t  of th e  
catchm ent, in c lu d in g  th e  B lack Laggan, th e  a re a  i s  f o r e s te d  
( p la t e s  I I I  and IV) a lth o u g h  h e a th e r  and bracken  a re  p r o l i f i c  on 
th e  s te e p e r  s lo p e s  and u n c u lt iv a te d  a re a s .  The a re a  of 
a f f o r e s ta t io n  in  th e  catchm ent amounts to  30% o f  th e  t o t a l  a re a . 
P r io r  to  p la n tin g  th e  catchm ent d ra in ag e  was improved in  a manner 
s im i la r  to  th a t  d e sc r ib e d  in  s e c t io n  3 :3 :4  fo r  Green Burn.
The ca td im en t was p la n te d  in  1975 w ith  S itk a  Spruce (P ic e a  
S i t c h e n s i s l , a lthough  in  1979 c o n i fe r s  w ere c u t back ap p rox im ate ly  
100m from th e  stream  f o r  1km, upstream  of th e  lo c h . T h is a re a  
has been p la n te d  p e r io d ic a l ly  w ith  clumps of A lder ( Alnus s p p .) 
B irch  (B at.ula spp. ) Willow (jSaiix. spp. ) and Rowan (Sorbus
auG uparia) t o t a l l i n g  ap p rox im ate ly  2000 s a p lin g s  p e r y e a r  (Burns 
e t  a l  1984). Such a p ra c t ic e  i s  in  keeping w ith  th e
recom m endation o f M ills  (1980) to  c re a te  a  * b u f fe r  zone* i n  o rd e r  
to  p re se rv e  th e  p h y s ic a l ,  chem ical and b io lo g ic a l  c h a r a c te r i s t i c s  
o f up land  s tream s fo llo w in g  a f f o r e s ta t io n .  M ills  (1980) f u r th e r  
su g g e s ts  t h a t  f o r e s t  d ra in s  should  be te rm in a ted  s h o r t  o f w ater 
co u rse s  to  p re v e n t th e  s i l t i n g  up of s tream s and allow
p r e c i p i t a t io n  i n f i l t r a t i o n .  In  th e  W hite Laggan catchm ent where 
d ra in s  connect w ith  th e  w a te r course  th e  d ra in s  have been
b a c k f i l le d  to  p rev en t d i tc h  d ra in ag e  w a te rs  from e n te r in g  th e  
s tream s d i r e c t ly .
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PLATE III View across the ’Buffer Zone' at White Laggan, 
taken from the roadbridge
PLATE IV View across the Black Laggan Sub-catchment 
towards White Laggan
A f u r th e r  a m e lio ra tin g  tech n iq u e  used to  t r y  and improve
w a te r  q u a l i ty  in  th e  W hite Laggan catchm ent (and co n seq u en tly  Loch 
Dee) h as  been th e  a d d i t io n  of calcium  in  v a r io u s  fo rm s. D e ta i ls  
o f  th e  lo c a t io n ,  amount and type of a p p l ic a t io n  a re  g iv e n  in  ta b le  
3 :1 and shown in  f i g .  3 ;4 .  Such a p p l ic a t io n s  have been deemed
n e c e ssa ry  to  f u l f i l  th e  Loch Dee P r o j e c t 's  second o b je c t iv e ,  th e  
improvement of th e  lo c h  p o te n t ia l  as a t r o u t  f i s h e r y  and " to  
c o u n te ra c t th e  e f f e c t s  of su lp h u r and a c id  d e p o s it io n s  on th e
catchm ent" (B urns e t  a l  1984 p . 165). However fo r  th e  two y e a r
p e r io d  end ing  in  1982 th e  a u th o rs  r e p o r t  t h a t  th e  q u a n t i t i e s  of 
lim e s to n e  so f a r  added ( ta b le  3 :1 )  have n o t produced any
d e te c ta b le  d iange in  pH, a l k a l i n i t y  and calcium  c o n te n t in  th e  
lo c h  ou tflo w .
3 :3 :4  -Ihe G reen Burn.
2The a re a  of th e  G reen Burn catchm ent i s  2 .5  km. . Much of th e
a re a  i s  g e n t ly  s lo p in g , w ith  an average catchm ent g ra d ie n t  of 7 .2
( L i t t l e  1985). The main stream  dfiannel i s  s im i la r  to  th a t  of
D a rg a ll Lane in  t h a t  i t  i s  in c is e d  i n t o  p e a t and l in e d  w ith  s to n e s
and b o u ld e rs , a lth o u g h  th e  channel i s  narrow er th a n  D a rg a ll Lane. 
Between 1973 and 1975 10% o f th e  catchm ent was p la n te d
p redom inan tly  w ith  S i tk a  Spruce ( P ic e a  S i t c h e n s i s l b u t a ls o  w ith
sm a ll numbers o f Lodgepole P ine (P inus C o n to r ts ) .  The t r e e s  have 
been  p la n te d  up to  a  maximum a l t i t u d e  of 46Om a t  a p la n tin g  
d e n s i ty  of 7000 t r e e s  p e r  a c re  (K ite  1984).
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PLATE V View across the Green Burn Catchment 
looking east
PLATE VI View up the Green Burn taken from the 
roadbridge
B efore  p la n tin g ,  d ra in a g e  in  th e  catchm ent was improved by 
th e  c u t t in g  o f plough fu rro w s. The s ta n d a rd  p r a c t ic e  o f double 
throw  p loughing  on th e  low er s lo p e s  and th e  more dom inant p r a c t is e  
o f d o w n h ill t i n e  ploughing  (B inns 1979) on th e  s te e p e r  s lo p e s  have 
been employed a t  Loch Dee. B inns (1979) h as  commented th a t  t h i s
type  of d itc h in g  may c o n s is t  o f up to  20% o f th e  la n d  su rfa c e  in
an a f f o r e s te d  a re a  and have th e  e f f e c t  of c o n tr ib u tin g  a h igh  
p e rce n tag e  of ra p id  ru n o f f  d u rin g  storm  e v e n ts . The s in g le
fu rro w s run  p e rp e n d ic u la r  to  th e  la n d  co n to u rs  w ith  a secondary 
system  of c ro s s  d ra in s  runn ing  c lo se  t o  th e  co n to u rs  to  in te r c e p t  
w a te r  flow ing  from th e  fu rrow s. T ogether they form th e  l a r g e s t  
p a r t  o f th e  perm anent d ra in a g e  system  f o r  Green Burn. Some of th e  
msgor d i tc h e s  connect d i r e c t l y  w ith  th e  Green Burn ch anne l. Ten 
y e a rs  a f t e r  p la n tin g  th e  t r e e s  a re  s t i l l  q u i te  an a l l  (betw een 1
and 3m high) and do n o t a s  y e t  form a com plete canopy ( p la t e s  V
and V I ) .
As p a r t  o f normal f o r e s t r y  management th e  Green Burn
catchm ent to  th e  e a s t  of W hite Laggan catchm ent ( th e re b y  in c lu d in g  
B lack  Laggan) was t r e a te d  w ith  PK f e r t i l i z e r  by th e  F o re s try  
Commission du rin g  Septem ber 1982. The f e r t i l i z e r  which was 
a p p l ie d  from th e  a i r  a t  a r a t e  of 375 Kg Ha  ^ which co n ta in ed  20
to n n es o f  e lem en ta l P and 40 to n n es of e lem en ta l K^. The a re a  of
a p p l ic a t io n  i s  shown in  f i g  3 :4 .  S im ila r ly  f ig  3 :4  shows th e  
a p p l ic a t io n  in  1982 o f 2 ,4-D  e s t e r  used to  k i l l  h e a th e r  and 
r e s t o r e  normal h e ig h t grow th (B inns 1979) in  th e  a f fo re s te d  
a r e a s .
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FIG 3:4 Details of Treatments Applied to the Catchments
LOCH DEE
1000
P Limestone Powder into the Stream (See table 4:1) 
Area of Limestone Powder
Area of Limestone Chips
Area Fertilized With PK
Area Treated W ith 2, 4  D Ester
Forest Boundary
Source : Forwtry CommM ton
The ro u t in e ly  c o l le c te d  w eekly s p o t  sam ples ( s e c t io n  4 :2 )  fo r
th e  G reen Burn d u rin g  th e  p e r io d  August 1982 to  14^^ March
1983 have been an a ly se d  in  term s o f  c o n c e n tra tio n s  u sing  a
t im e - s e r ie s  com puter package (CAPTAIN, th e  d e t a i l s  of which a re
g iv e n  in  c h a p te r  7 ) .  The po tassium  c o n c e n tra tio n s  in  th e  s tream
showed a  s ig n i f i c a n t  in c re a s e  in  e a r ly  September fo llo w in g  th e
a p p l ic a t io n  o f th e  PK f e r t i l i z e r  on th e  7^^ September 1982. The
p o ta ss iu m  r i s e s  to  a peak of 64 .0  ^eq l ”  ^ and f a l l s  s t e a d i ly  to
-113*0 ^ eq  1 . Assuming an im pulse in p u t of po tassium  ( i e .  th e
f e r t i l i z e r  a p p l ic a t io n )  th e  model between in p u t and o u tp u t was
e s t im a te d  a s :
\  = 0 .7 2  K^_, 4. 0 .83  + 1 .36 + 0 .7 3  1^.2






















i s  th e  c o n c e n tr a t io n  o f Potassium  a t  tim e t
K f l  "  "  "
" im pu lse  f r a c t i o n  a t  tim e t
r  " " " t-1t-1
I  If It " t - 2L—C
The model p ro v id e s  a very  s a t i s f a c to r y  r e s u l t  a s  can be seen  
in  f i g  3 :5 1 which com pares th e  observed and s im u la te d  stream  
c o n c e n tra t io n s .  From th e  model i t  i s  p o s s ib le  to  c a lc u la te  mean 
re s id e n c e  tim e f o r  th e  po tassium  in  th e  catchm ent, which was shown 
to  be 4 weeks. T his s u g g e s ts  t h a t  a  s ig n i f i c a n t  p ro p o r t io n  of 
po tassium  in  th e  f e r t i l i z e r  a p p l ic a t io n  i s  l o s t  v ia  th e  ru n o f f  and 
h o t i f t i i i s e d  bÿ th e  vèèe i^afion . However ‘th e  phosphonbus le v e ls  in  
th e  stream  rem ain low ov er th e  same p erio d  in d ic a t in g  th e r e  i s  n e t  
r e t e n t i o n  or up take in  th e  catchm ent.
3:4 Cat.olment Hy.dr.Ql.ogy^ ..
For th e  p e r io d  1980-1982 a t  Loch Dee r a i n f a l l  t o t a l s  w ere 
119%, 115% and 136% ( r e s p e c t iv e ly )  o f th e  1941-1970 s ta n d a rd
p e r io d  average of 2232mm (B urns e t  a l 1984). Welsh and Burns 
(1985) f u r th e r  r e p o r t  t h a t  m onthly r a i n f a l l s  o f <25mm a re  r a r e  
w ith  m onthly av e rag es  ra n g in g  from 121mm in  June to  265mm in  
December. F u rtherm ore  th e s e  a u th o rs  in d ic a te  d u ring  m ost months 
th e re  i s  a  g e n e ra l 6% in c re a s e  in  r a i n f a l l  p e r 100m in c re a s e  in  
a l t i t u d e ,  based on th e  ra in g a u g e s  in  th e  catchm ents. N e v e rth e le ss  
some months show a reduced  ca tch  a t  h ig h e r a l t i t u d e s  which th e  
a u th o rs  a t t r i b u t e  to  snow and h igh  w inds. Annual sn o w fa ll in  th e














a re a  i s  e r r a t i c  w ith  snow p a tc h e s  ly in g  fo r  up to  two months du ring  
th e  c o ld e r  w in te r  p e r io d s  and a t  th e  h ig h e s t catchm ent a l t i t u d e s .
Welsh and B urns (1985) have a ls o  c a lc u la te d  th e  w a te r  lo s s  
fo r  th e  W hite Laggan catchm ent fo r  th e  p e rio d  1980-1984. The 
w a te r lo s s  c a l c u la t io n  i s  based on th e  s im p lify in g  assum ption  th a t  
th e re  has been no change in  th e  s o i l  m o is tu re  and second ly  w ater 
s to ra g e  has rem ained c o n s ta n t  over th e  p e rio d  o f c a lc u la t io n .  The 
r e s u l t s  a re  shown in  t a b le  3 :2  and in d ic a te  th e  annual lo s s  in  th e  
catchm ent to  be in  th e  o rd e r of 430mm. This f ig u r e  compares w ith  
404.9mm o b ta in e d  by u sing  a c o r re c t io n  f a c t o r  of 0 .773  
(su g g e s te d  by th e  M e te o ro lo g ic a l O ffice  in  a p e rs .  comm to  L i t t l e  
1985) t o  th e  P re s tw ic k  A irp o r t  mean annual p o te n t i a l  e v a p o ra tio n  
o f 1980-1983.
F ig  3:6 shows th e  flow  d u ra tio n  curves c a lc u la te d  by th e  SRPB 
fo r  each of th e  catchm en ts using  mean d a i ly  flo w s. The th re e  
cu rv es  a re  b ro ad ly  s im i la r  in  o u t l in e ,  th e  most n o tic e a b le  
d if f e re n c e  being  th e  upward in f le x io n  in  th e  D a rg a ll Lane curve a t  
h igh  flo w s. Welsh and Burns (1985) a t t r i b u t e  t h i s  to  th re e  days 
snowmelt a t  th e  end o f January  1984 producing very  h igh  flow s p e r 
u n i t  a re a . Care m ust be tak en  using  th e se  d a ta  a s  flow s >2.5 
m^s  ^ a r e  e x t ra p o la te d  beyond th e  r a t in g  (se e  s e c t io n  4 :3 :3 ) .  
Under low flow  c o n d it io n s  i t  i s  i n t e r e s t in g  to  no te  th e  h ig h e r 
(n e a r ly  doub le) flow s o f D a rg a ll Lane compared to  Green Burn, 
g iv e n  th e  s im i la r  d ra in a g e  a re a s  of th e  ca tchm en ts . T his 
d if f e re n c e  i s  p robab ly  a t t r i b u t a b l e  to  th e  p e a t dom inated 
hydrology  o f D a rg a ll  Lane which r e t a in s  a h ig h e r  p ro p o r tio n  of 
w a te r  du ring  sto rm s which i s  th e n  re le a s e d  over low flow  p e r io d s . 
The f o r e s t  d i tc h e s  in  th e  Green Burn (and W hite Laggan) p rev en t
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Year Rainfall Runoff Loss
1981 2783 2315 468
1982 2962 2515 447
1983 2361 1971 390
1984 2313 1898 415
Mean 2605 2175 430 1
TABLE 3:2 Losses (in mm) from White Laggan catchment 








% runoff after first :













TABLE 3:3 Percentage Runoff evacuated from the 3 catchments 
after different periods of time
(Source : Harper, 1984, p. 56)
Data derived from catchment average unit 
hydrographs
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such w a te r  r e te n t io n .
A com parative u n i t  hydrograiSi study  by H arper (1984) 
i l l u s t r a t e s  a d if f e r e n c e  in  th e  sto rm  response  of each of th e  
th r e e  catchm en ts. Table 3 :3  shows th e  p ercen tag e  ru n o f f  from th e  
catchm en ts  a f t e r  d i f f e r e n t  tim e p e r io d s . The d a ta  i l l u s t r a t e s  th e  
p r o p o r t io n a l ly  g r e a te r  ra p id  e v a c u a tio n  of storm  ru n o f f  in  th e  
Green Burn and W hite Laggan th a n  in  th e  D a rg a ll Lane catchm ent. 
T his r a p id  e v a c u a tio n  i s  a  fu n c tio n  of th e  f a s t e r  ro u tin g  o f storm  
ru n o f f  a long  th e  f o r e s t  d i tc h e s  and d ra in s  th a n  in  th e  und itched  
D a rg a ll  Lane catchm ent. In  th e  D a rg a ll Lane where th e re  has been 
no p i o u t i n g  th e  d ra in a g e  d e n s ity  i s  l e s s  and ru n o f f  ev a c u a tio n  
w i l l  be s low er, ta k in g  lo n g e r  to  ev ac u a te  th e  catchm ent. Table 
3 :3  shews th e  e v a c u a tio n  of storm  ru n o f f  from th e  th re e  catchm ents 
to  converge a f t e r  20 h ou rs when th e  g r e a t e s t  p ro p o r tio n  of storm  
ru n o f f  has been ev acu a ted .
3:5  Datohment,W a.tjer_.Ghemistry.
W h ils t t h i s  d i s s e r t a t i o n  i s  aimed a t  p ro v id in g  th e  b a s e lin e  
s tudy  f o r  th e  Loch Dee catchm ents in  te rm s o f w a te r q u a l i ty  th re e  
o th e r  sm a lle r  s c a le  s tu d ie s  have been conducted . The work by K ite  
(1984) in v e s t ig a t in g  3 storm  e v en ts  in  th e  Green Burn catchm ent 
r e p o r t s  an in c re a s e  in  io n ic  c o n c e n tra tio n s  and a c id i ty  w ith  i t s  
passage  through th e  v e g e ta t io n a l  canopy. K ite  a ls o  su g g e s ts  th a t  
th e  s tream w ater a c id i ty  may be a m e lio ra te d  downstream w ith  th e  
a d d i t io n  of w e ll b u ffe re d  w a te rs  fo llo w in g  lo n g  re s id e n c e  tim es 
and p e rc o la t io n  th rough th e  catchm ent s o i l s .  L i t t l e  (1985) 
in v e s t ig a t in g  th e  s p a t i a l  v a r i a t io n  in  th e  e l e c t r i c a l  c o n d u c tiv ity  
o f th e  s u rfa c e  w a te rs  in  th e  Loch Dee catchm ents r e p o r ts  th a t
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re s id e n c e  tim e (lo n g  re s id e n c e  tim e g iv e s  r i s e  to  h igh  
c o n d u c t iv ity ,  s h o r t  re s id e n c e  tim e le a d s  t o  a  low c o n d u c tiv ity )  
and s o i l  type ( c l a s s i f i e d  a s  e i t h e r  p e a t (h igh  c o n d u c tiv ity )  o r 
g la c io g e n ic  (lew c o n d u c tiv ity )  a re  th e  most im p o rtan t f a c to r s  
causing  s p a t i a l  v a r ia t io n s  in  m easured c o n d u c t iv ity .  Burns e t  a l 
(1984) have su g g ested  th e  th r e e  fe e d e r  s tream s and th e  outflow  a re  
chem ica lly  s im i la r ,  having  low base c a t io n  and n u t r i e n t  s t a tu s .  
However th e  a u th o rs  in d i c a te  t h a t  th e  a d d i t io n  of bo th  lim esto n e  
powder and lim es to n e  ch ip s  w ith in  th e  W hite Laggan catchm ent 
shou ld  p rov id e  a more am enable environm ent fo r  th e  su c c e s s fu l 
h a tc h in g  and s u rv iv a l  of t r o u t  eggs and f r y  , in  l i n e  w ith  th e  
Loch Dee P ro je c t  o b je c t iv e s  as  o u tl in e d  in  s e c t io n  3 :2 :1 .
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CHAPTER 4î DATA TOLL^gIlQILJiNP-.mJALin COm O L... 
4 :1  INIHODÜGTION.
To p ro v id e  th e  n ece ssa ry  d a ta  fo r  th e  com parative and te m p o ra lly  
based  s tu d y  o u tl in e d  in  c h a p te rs  1 and 3, a com prehensive m o n ito rin g  
netw ork to  m easure both  th e  v a r i a t i o n  in  p r e c i p i t a t io n  in p u ts  and 
s tream w a te r has been e s ta b l is h e d  a t  Loch Dee, In  o rd e r to  in v e s t ig a te  
th e  f lu c tu a t io n s  in  bo th  p r e c i p i t a t i o n  and stream w ater chem istry  and 
how th e se  a re  r e la te d  to  th e  catchm ent c h a r a c te r i s t i c s  of th e  3 
ca tch m en ts , has g iv e n  r i s e  to  a  2 t i e r  sam pling s t r a t e g y .  T his 
s t r u c t u r e  i s  in  agreem ent w ith  th e  im p lic a t io n  o f W a llin g 's  (1975) 
work in  which th e  au th o r in d i c a te s  t h a t  th e  frequency of hydrochem ical 
sam pling  W ill be determ ined  by th e  ex p ec ted  p a t te r n  of f lu c tu a t io n s  in  
th e  p a ram ete rs  m easured.
F ig  4:1  shows a l l  th e  sam pling  and m on ito ring  s t a t i o n s  a t  Loch 
Dee, w h i ls t  ta b le  4 :1  g iv e s  th e  d e t a i l  of i n s t a l l a t i o n  d a te s ,  
lo c a t io n ,  frequency  and n a tu re  of sam pling. In  o rd e r to  s t r u c tu r e  
t h i s  c h a p te r  d e t a i l s  o f th e  2 d i f f e r e n t  le v e ls  of sam pling and 
a n a ly s i s  w i l l  be d e sc rib e d  in  tu r n ;  f i r s t l y  th e  weekly chem ical 
sam pling  and secondly  th e  co n tin u o u s  m on ito ring  o f both p r e c i p i t a t io n  
and s tream  ru n o ff  in  term s of q u a n t i ty  and q u a l i ty .
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FIG 4:1 The Monitoring and Sampling Network
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4 :2 :1  Weekly D ata C o lle o t lo n .
S ince  F ebruary  1980 a  low le v e l bu lk  p r e c i p i t a t i o n  c o l le c to r  
(W hitehead and F eth  1964) h a s  been e s ta b l is h e d  in  th e  W hite Laggan 
catchm ent (s e e  f i g  4 :1  and ta b le  4 :1 ) .  In  1980 sam ples w ere 
c o l le c te d  f o r tn i g h t ly  and from January  1981 on a  w eekly b a s is .  The 
bu lk  p r e c i p i t a t i o n  c o l l e c to r  c o n s is t s  of a po lyp ropy lene  fu n n e l 220mm 
in  d iam ete r which d r a in s  in t o  a 5 l i t r e  po lypropy lene c o n ta in e r  housed 
in  a wooden box, shown in  p la te  V II. Both th e  funnel and c o n ta in e r  
b o t t l e  a re  changed w eekly . I f  l e s s  th an  1 l i t r e  o f p r e c i p i t a t i o n  i s  
c o l le c te d ,  irfi and c o n d u c t iv ity  a re  determ ined on 10ml of sample and 
th e  rem ainder i s  d i l u te d  to  1 l i t r e  w ith  d e io n ise d  w a te r poured 
through th e  fu n n e l to  c o l le c t  any re s id u a l  dry d e p o s it io n . In  weeks 
o f h igh  r a i n f a l l  ho r e s id u a l  dry d e p o s it io n  i s  a n t ic ip a te d  ( c f . Burns 
e t  a l  1984).
From th e  i n i t i a t i o n  of th e  Loch Dee P ro je c t  a programme of weekly 
sp o t sam ples has been e s ta b l is h e d  on each o f th e  th re e  s tream s. This 
i s  supplem ented by a d d i t io n a l  m onthly sam ples of th e  W hite and B lack 
Laggan sub -ca tch m en ts  t o  m on ito r th e  e f f e c t s  of th e  lim in g  programme 
( s e c t io n  3 :3 :3 ) .  Samples a re  c o l le c te d  by M r.I.M urray  (F o re s try  
Commission) who i s  asked  to  c o l le c t  th e  sam ples a t  9 .00 h rs  on 
Monday m ornings, however t h i s  i s  n o t always p o s s ib le  due to  work lo a d , 
adverse  w eather c o n d itio n s  and i l l n e s s .  Stream  sam ples a r e  c o lle c te d  
in  1 l i t r e  p o ly p ro p y len e  b o t t l e s  which a re  r in s e d  o u t once or tw ice 
w ith  stream  w ate r b e fo re  f i l l i n g  w ith  th e  sam ple. A ll th e  sam pling 
p o in ts  a r e  on s t r e t c h e s  o f e a s i l y  a c c e s s ib le  w a te r  which i s  ra p id ly  
flow ing  as recommended by Johnson (1971).
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PLATE VII Weekly bulk precipitation collector in the 
White Laggan Catchment
PLATE VIII
The Upper Black Laggan 
raingauge showing the 
standard monthly check 
in the foreground with 
the tipping bucket 
guage and logger 
housing in the 
background
The weekly bu lk  p r e c i p i t a t io n  and stream w ater sam ples a re  
t r a n s p o r te d  to  th e  SRPB chem ical la b o r a to r ie s  in  D um fries, where they 
a re  s to r e d  in  a r e f r i g e r a t o r  a t  4^^ u n t i l  th e  a n a ly s is  i s  com plete 
(approx im ate  average 1 week, T e rv e t p e rs . comm.)
4 :2 :2  Chemical A n a ly s is  o f  th e  Weeklv D ata .
The bu lk  p r e c i p i t a t i o n  sam ples and th e  weekly s p o t sam ples of th e
stream s undergo th e  same range o f  a n a ly se s . W hilst th e  com plete range
o f determ inands f o r  Loch Dee sam ples c o n s is ts  of pH, c o n d u c t iv ity ,
Na'*’, K**“, Ca^ "**, Mg^+, SiO^, NH^, T o ta l O xidised N itro g en , O-PO^,
Cl , T o ta l A lk a l in ity ,  S0^“4 , Zn, Mn, A1 and Fe; on ly  th e  m ajor
determ inands of pH, c o n d u c t iv i ty ,  Na^, K'*’, Ca^^, Mg^''*,S0^”4,N0*’3, C l" ,
and B ica rb o n a te  A lk a l in i ty  a re  co n sid ered  in  t h i s  work. The methods
o f a n a ly s is  used a re  s ta n d a rd  R iver Board methods used in  th e  e.rs lysh:- 
o f  e l l  r o u t in e ly  c o l le c te d  r i v e r  sam ples by th e  SRPB,
PH i s  ana ly sed  by u s in g  a  Walden P re c is io n  A pparatus (WPA) CD 390 
pH m eter and R u sse ll pH CE7L g e l f i l l e d  e le c t ro d e ;  c o n d u c t iv ity ,  u sing  
a  Chandos In te r c o n t in e n ta l  A21/D m eter which i s  a u to m a tic a lly  
com pensated to  a re fe re n c e  te m p era tu re  of 25 °^ . Sodium and Potassium  
a re  an a ly sed  u sing  flam e em issio n  spectrophom etry  a f t e r  l i th iu m  
a d d i t io n  (S uess 1982). Using t h i s  method sample c o n c e n tra tio n s  a re  
c a lc u la te d  from a  c a l ib r a t io n  curve c o n s tru c te d  from th e  measurement 
o f flam e em issio n  i n t e n s i t i e s  from s ta n d a rd  s o lu t io n s .  Both th e  
sam ple and s o lu t io n s  a re  in tro d u c e d  as a  f in e  sp ray  in to  a flam e. 
Calcium and magnesium a re  an a ly sed  fo r  by atom ic a b s o rp tio n  
spectrophom etry  a f t e r  s tro n tiu m  a d d i t io n  (G olterm an e t  a l 1978). In  
t h i s  method th e  amount o f l i g h t  abso rbed  a t  a s p e c i f i c  w avelength  i s  
m easured v ia  a cathode lamp source  d ir e c te d  through th e  flam e ( in t o
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which th e  sam ple and s ta n d a rd  s o lu t io n s  a re  in je c te d )  o n to  a  
monochrom ator a d ju s te d  to  th e  a p p ro p r ia te  w avelength  fo r  th e  io n  being 
a n a ly se d . Sample c o n c e n tra tio n  i s  a g a in  c a lc u la te d  from a c a l ib r a t io n  
curve c o n s tru c te d  from known s ta n d a rd  s o lu t io n s .  Both flam e em issio n  
spec tro p h o m etry  and atom ic a b s o rp tio n  methods d e sc rib e d  f o r  th e se  
m e ta ls  a re  determ ined  on V arian  model 1100 atom ic a b so rp tio n  
sp ec tro p h o to m e te r .
N i t r a t e  and n i t r i t e  a re  an a ly se d  f o r  by means of Technicon 
A utoA nalyser I I  m ethods. T his in v o lv e s  red u c in g  th e  n i t r a t e s  in  th e  
sam ple to  n i t r i t e s .  The n i t r i t e s  a re  th e n  r e a c te d  w ith  a 
su lp a n ila m id e  re a g e n t to  form a  d ia z o  compound w hich i s  th e n  coupled 
w ith  N -( l-n a p h th y l)  e th 'y lened iam ine d ih y d ro c h lo r id e  to  form a re d d ish  
p u rp l is h  azodye (Environm ent of Canada, A n a ly tic a l Methods Manual 
1979). The azodye in t e n s i t y ,  which i s  p ro p o r tio n a l to  th e  n i t r a t e  
c o n c e n tra t io n , i s  th e n  m easured c o lo u r im e tr ic a l ly .  In  p r a c t i s e  5 ml 
a l iq u o ts  of sample a re  run  th rough th e  A utoA nalyser which conducts th e  
above r e a c t io n s  and computes th e  n i t r a t e  c o n c e n tra tio n s  by means of a 
c a l i b r a t i o n  curve c o n s tru c te d  from known c o n c e n tra tio n s  in  s ta n d a rd  
s o lu t io n s .
C h lo rid e  i s  determ ined  by t i t r a t i o n  w ith  m ercu ric  n i t r a t e ,  a 
method which i s  more s e n s i t i v e  a t  low c h lo r id e  c o n c e n tra tio n  to  th e  
more e s ta b l i s h e d  t i t r a t i o n  w ith  s i l v e r  n i t r a t e  (H.M.S.O 1972). Hie 
p r in c ip le  of th e  t i t r a t i o n  i s  t h a t  th e  m ercu ric  io n s  r e a c t  w ith  th e  
c h lo r id e  io n s  to  form a  h ig h ly  s t a b l e ,  s o lu b le  complex. C h lo ride  in  a 
sam ple may th e re f o r e  be t i t r a t e d  w ith  a s ta n d a rd  s o lu t io n  of a  so lu b le  
m e rc u ric  s a l t .  The end p o in t  can be d e te c te d  by u sing  a 
d ip h en y lcarb azo n e  in d ic a to r  which forms a  b lu e - v io le t  complex w ith  an 
e x c e ss  o f m ercu ric  n i t r a t e .  The p rocedure  recommended and d esc rib e d
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i n  d e t a i l  by H.M.S.O (1972) i s  to  use 50 ml of sample in  a c o n ic a l 
f l a s k ,  add 5-10 d rops o f th e  in d i c a to r ;  i f  a  b lu e - v io le t  or red  co lou r 
d ev e lo p s add N/20 n i t r i c  a c id  u n t i l  th e  co lou r d ianges to  yellow  and 
th e n  e x a c t ly  1 ml in  e x c e ss . T i t r a t e  th e  s o lu t io n  w ith  s ta n d a rd  
m e rc u ric  n i t r a t e .  The end p o in t  i s  i n  th e  v io le t - b lu e  c o lo u r ran g e . 
To d e te rm in e  th e  b lank  c o r r e c t io n  t i t r a t e  50 ml o f d i s t i l l e d  w a te r  by 
th e  Scime p ro ced u re . The c h lo r id e  c o n c e n tra tio n  of th e  sample i s  th e  
d if f e r e n c e  between th e  2 t i t r a t i o n s .  The method fo r  A lk a l in i ty  
d e te rm in a tio n  i s  a t i t r a t i o n  a g a in s t  su lp h u r ic  a c id  u s in g  a  BIE 4 .5  
in d i c a to r  to  d e te c t  th e  end p o in t .  T his d a ta  i s  th en  co n v erted  to  
b ic a rb o n a te  u s in g  th e  method o f H enrikson  (1982 ). From 1980 to  25 
January  1983 a l k a l in i t y  was determ ined  t i t r a t i n g  w ith  0 .0 2  N s u lp h u r ic  
a c id  t o  g iv e  a l k a l i n i t y  to  th e  n e a re s t  mg 1~^. P o s t Jan u ary  1983 th e  
s t r e n g th  of th e  a c id  was changed ( to  0 .002  N) and i t  has become 
p o s s ib le  to  g iv e  a l k a l i n i t y  to  1 decim al p la c e .
D uring th e  p e r io d  1980-1981 and 1983-1984 s u lp h a te  has been 
de term ined  u sing  ion -exchange m ethods (M ackereth, Heron and T a ilin g  
1978) i n  which th e  sample i s  allow ed  to  p e rc o la te  th rough a  column of 
ion -exchange m a te r ia l  in  th e  hydrogen form. A ll th e  c a t io n s  i n i t i a l l y  
p re s e n t  in  th e  sample a re  exchanged f o r  th e  H^ so  th a t  th e  e f f lu e n t  
from th e  column c o n s is ts  of a  s o lu t io n  of f r e e  a c id s  co rresp o n d in g  to  
th e  s a l t s  o r ig in a l ly  p re s e n t  and in  e q u iv a le n t c o n c e n tra tio n . This 
e f f l u e n t  i s  t i t r a t e d  w ith  s ta n d a rd  a l k a l i  to  pH 4 .5  th e n  th e  amount of 
a l k a l i  used w i l l  p ro v id e  a m easure of th e  s tro n g  a c id s  and th e re fo re  
s tro n g  a c id  s a l t s  i n i t i a l l y  p re s e n t  in  th e  sam ple.
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Due to  th e  la b o u r in te n s iv e n e s s  o f t h i s  te ch n iq u e , d u rin g  1982 a 
t r i a l  method o f su lp h a te  d e te rm in a tio n  was employed. T his te ch n iq u e  
(H.M.S.O 1979) in v o lv e s  th e  p r e c i p i t a t i o n  o f s u lp h a te  w ith  
2 -am inoperim id ine  fo llow ed  by c o lo u r im e tr ie  d e te rm in a tio n  of th e  
e x c e ss  re a g e n t.  The method f a i l e d  to  g iv e  c o n s is te n t  r e s u l t s  and was 
f i n a l l y  abandoned under th e  i n s t r u c t io n s  of th e  SRPB c h ie f  chem ist 
(D r. D .T ervet) in  December 1982. C onsequently  th e  d a ta  from t h i s  
p e r io d  needs t r e a t in g  w ith  c a u t io n .
S in ce  A pril 1984 s u lp h a te ,  c h lo r id e  and n i t r a t e  have been 
de te rm in ed  u sin g  a Dionex QIC io n  chrom atograph. Using t h i s  te ch n iq u e  
th e  io n ic  sp e c ie s  p re s e n t in  th e  sample move through th e  exchange 
colimin a t  a r a t e  determ ined  by t h e i r  a f f i n i t y  fo r  th e  r e s in  exchange 
•m a te r ia l.  The d i f f e r e n t i a l  r a t e  o f m ig ra tio n  s e p a ra te s  “th e  io n s  in to  
d i s c r e t e  bands th e  d e te c t io n  of w hich i s  achieved  by c o n d u c tiv ity . 
Comparison of both  r e t e n t io n  tim es  and peak h e ig h t a g a in s t  s ta n d a rd  
s o lu t io n s  a llo w s com putation  of th e  sample c o n c e n tra tio n .
R e su lts  of a n a ly se s  a r e  g iv e n  in  mg l " ^ ,  fo r  co m p arab ility  
betw een io n s  in  t h i s  s tudy  th e se  f ig u r e s  have been converted  to  yeq .  
l"^  u s in g  th e  methods g iv e n  in  Environm ent of Canada A n a ly tic a l 
Methods Manual (1979). In  th e  case  of pH, t h i s  h as  been converted  to  
m ic ro -e q u iv a le n ts  of H+ l"^  w ith  th e  r e s u l t  th a t  t h i s  d a ta  has a 
s te p p e d  appearence caused by th e  co n v ers io n  from d is c r e te  lo g  v a lu e s  
t o  l i n e a r  a r i th m e t ic  v a lu e s  ( s e e  c h a p te r  7 i n p a r t i c u l a r ) .
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W hilst i t  i s  n o t th e  purpose of t h i s  th e s i s  to  e v a lu a te  or a s s e s s  
th e  d i f f e r e n t  methods o f chem ical a n a ly s is ;  i t  i s  a p p ro p r ia te  th a t  a 
comment shou ld  be in c lu d e d  on th e  d i f f i c u l t i e s  a s s o c ia te d  w ith  some of 
th e  methods d e sc r ib e d .
The r e l a t i v e l y  r e c e n t  i n t e r e s t  in  both  a q u a tic  env ironm ents  which 
have low io n ic  c o n c e n tra t io n s  and th e  in c re a se d  i n t e r e s t  in  a more 
d iv e rs e  range of io n s  h as  r e s u l t e d  in  some a n a ly t ic a l  d e f ic ie n c ie s  
becoming ap p a re n t in  c e r t a in  s ta n d a rd  m ethods. The r e c e n t ly  expanded 
f i e l d  in  env ironm en ta l ch em is try  has le a d  to  some a n a ly t ic a l  methods 
being  pushed to  t h e i r  l i m i t s  and no lo n g e r t o t a l l y  a p p ro p r ia te .  
However, u n t i l  im proved p ro ced u re s  become a v a i la b le  th e  s ta n d a rd  
methods p rov ide  th e  b e s t  s o lu t io n  c u r re n t ly  a v a i la b le .  Of th o se  
methods l i s t e d  above th e  l e a s t  s a t i s f a c to r y  a n a ly se s  have been: 
a l k a l i n i t y  p re  1983» s u lp h a te  and pH m easurement. The problem s 
a n a ly s in g  f o r  su lp h a te  and a l k a l i n i t y  have a lre a d y  been o u t l in e d .  The 
problem w ith  pH i s  two f o ld ;  f i r s t l y  th e  diange in  sam ple pH w ith  
tim e , in  which as a sam ple ages b io lo g ic a l  a c t i v i t y  w ith in  th e  sample 
o r by COg exchange w ith  th e  a i r  in  th e  sample b o t t l e  may o ccu r. To 
m inim ise t h i s  problem sam ple v e s s e ls  a re :  (a ) f i l l e d  t o  th e  top  to
exclude as much a i r  as  p o s s ib le ,  (b) s to re d  in  a  r e f r i g e r a t o r  and (c) 
pH measurement u n d ertak en  as soon as p o s s ib le  a f t e r  c o l le c t io n .  
Secondly , a more s e r io u s  problem  and th e  s u b je c t o f in te n s e  re se a rc h  
a t  th e  p re s e n t ,  i s  th e  whole q u e s tio n  of th e  measurement of pH in  
which doubt has been e x p re sse d  a s  t o  th e  r e p l i c a b i l i t y  of r e s u l t s ,  th e  
accu racy  of pH m e te r s /e le c t ro d e s  in  low c o n d u c tiv ity  w a te rs  and th e  
c o n d it io n s  under which pH m easurem ents a re  made. A d is c u s s io n  of 
th e se  problem s i s  g iv e n  by Mason (1984) and Thomas and Neal (1984). 
W hils t a n a ly t ic a l  problem s a s s o c ia te d  w ith  th e  a n a ly s is  of low
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c o n d u c tiv ity  w a te rs  such as  th o se  d e a l t  w ith  in  t h i s  p ro je c t  i s  
a p p re c ia te d ,  u n t i l  a r e l i a b l e  s e t  o f a l t e r n a t iv e s  i s  o f fe re d  by
a n a ly t ic a l  chem ists  th e  methods d e sc rib e d  above p rov ide  th e  b e s t 
a v a i la b le  g iv en  th e  p re s e n t  le v e l  of technology and re so u rc e s  
a v a i la b le .  In  o rd e r to  avoid  th e  w orst of th e se  e r r o r s  (and o th e rs )  a 
s ta n d a rd  io n -b a la n c e  method h a s  been employed to  s c re e n  th e  weekly 
d a ta .
4 :2 :3  D ata S.oreeni.ag o f th e  W eek ly -Ja ta .
E rro rs  in  env ironm enta l chem ical d a ta  may occur from s e v e ra l 
so u rc e s , th e  most common being :
i .  C ontam ination.
i i .  Equipment f a i l u r e / e r r o r  in  a n a lyi s .
i i i .  Human e r r o r .
iv .  D e te r io ra t io n  of sample b e fo re  a n a ly s is .
In  o rd e r to  reduce th e  p o s s i b i l i t y  of u sing  poor or in c o r r e c t  
chem ical d a ta  fo r  m athem atical a n a ly s is  an io n  balance p rocedure  was 
used . The procedure  has been ta k en  from th e  Environm ent of Canada, 
In lan d  W aters D ire c to ra te  (1979).
% e r r o r  = .o a tlo jis  ( e m ) - a n io n s  (ean) .
c a t io n s  (epm) + an io n s  (epm)
This e q u a tio n  was employed to  c a lc u la te  th e  % e r r o r  each o f th e  d a ta  
E
l i n e s  by an SPSSX programme.
 ^ epTi e q u iv a le n t p a r ts  p e r m ill io n



















Having run  th e  programme a frequency  d i s t r i b u t io n  of th e  e r r o r s  
u sing  5% c l a s s  in t e r v a l s  was drawn up, th e se  a re  shown in  f i g .  4 :1 .  
W hils t th e  bulk  p r e c i p i t a t i o n  shows no p a r t i c u la r  d i s t r i b u t i o n  a l l  3 
s tream s show p o s i t iv e ly  skewed io n  b a lan ces . The modal c l a s s  being 
-55* to  0%. The most p la u s ib le  e x p la n a tio n  fo r  t h i s  'b i a s '  i n  th e  io n  
ba lan ce  i s  th e  p resence of o rg a n ic  a c id s  which a re  n o t an a ly sed  i n  th e  
Loch Dee sam ples ( s e c t io n  4 :2 : 2 ) .  In  th e  absence in  th e  p u b lish ed  
l i t e r a t u r e  of f ig u re s  in tro d u c e d  by o rg an ic s  in  such environm ents th e  
au th o r to o k  a f ig u r e  of 5% ( i e .  an io n  balance w ith in  th e  range 0 
to  -10$ ) to  accoun t fo r  th e  p resence  of o rg a n ic s . (C N eal, I n s t i t u t e  
o f  Hydrology in  a  p e rso n a l com m unication has in d ic a te d  t h a t  o rg an ic s  
may c o n tr ib u te  to  io n  b a lan ces  of such environm ents as  Loch Dee)
As th e  bulk  p r e c ip i t a t io n  sam ples w i l l  be f r e e  from th e  o rg an ic  
a c id s  found in  th e  stream s (a s  in d ic a te d  by th e  non-skewed io n  balance 
d i s t r i b u t io n  in  f ig  4 :2 )  i t  i s  n o t j u s t i f i a b l e ,  nor does i t  make
sense  to  accep t sam ples u n le ss  they  l i e  w ith in  5% o f th e  0$ io n  
b a lan ce  e r r o r .
T his s t r i c t  sc re e n in g  of th e  d a ta  co n s id e ra b ly  reduced th e  number 
o f sam ples used in  th e  s t a t i s t i c a l  a n a ly s is ,  as  g iv e n  in  ta b le  4 :2 .
Sampling s t a t i o n  Tot. No. o f sam ples Samples w ith in  io n  b a l .
Bulk p r e c ip i t a t io n (1) 169 38
D a rg a ll Lane 194 103
White Laggan 194 97
Green Burn 194 107
TABLE 4 : 2  V alid  sam ples.
(1) th e  sm a lle r  No. o f t o t a l  sam ples i s  because of f o r tn ig h t ly  sam pling during  th e  f i r s t  3 months o f 1980. The e x c lu s io n  of 
a  c o n s id e ra b le  No. o f sam ples fo r  which a n a ly s is  was incom ple te  
through la c k  o f sample volume co n s id e ra b ly  reduces th e  No. 
o f v a l id  sam ples.
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However th e  lo s s  of freedom w ith  th e  reduced number o f sam ples i s  
com pensated by th e  g r e a te r  p e rso n a l confidence in  th e  d a ta .
4 :3 :1  Xiontj nuous. J)aia..Goli& atio% i.
In  an a re a  where sto rm s and th e  a s s o c ia te d  change in  stream flow  
may occur w ith in  a p e rio d  o f 12 hours or l e s s  th e re  i s  l i t t l e  
p o s s i b i l i t y  of d e te c tin g  th e  change in  w a te r q u a l i ty  th rough th e  
passage of a storm  from th e  ro u t in e ly  c o l le c te d  weekly sam ples. In  
o rd e r  to  a s s e s  th e  f lu c tu a t io n s  in  p r e c ip i t a t io n  and s tream w ater 
q u a n ti ty  and q u a l i ty  over th e  f u l l  range o f hyd rom eteo ro lo g ica l ev en ts  
a  more in te n s iv e  sam pling frequency  i s  re q u ire d . W alling (1975) 
su g g e s ts  th e  a v a i l a b i l i t y  of co n tinuous m on ito ring  would overcome th e  
problem of sam pling freq u en cy . I f  t h i s  i s  no t a v a i la b le  th e  au th o r
in d ic a te s  a sam pling in t e r v a l  as  s h o r t  as  once every  10 m inu tes may be
n ecessa ry  d u ring  storm  ev e n ts  on sm all s tream s.
C o n s id e ra tio n  of th e  problem s in  m on ito ring  sto rm s in  th e  rem ote
Loch Dee B asin  prompted th e  SRPB (w ith  g ra n t  a id  from th e  S c o tt is h  
Development D epartm ent) to  i n s t a l l  a con tinuous m o n ito ring  netw ork. 
T his network was designed  to  m easure w ater q u a n t i ty  (b o th  
p r e c i p i t a t io n  and ru n o ff )  and w a te r q u a l i ty  in  term s of pH and 
c o n d u c t iv ity .  The i n i t i a l  network c o n c e n tra te d  on th e  W hite Laggan 
catchm ent and m onito red  p r e c i p i t a t i o n  in p u t in  term s of bo th  q u a n tity  
and q u a l i ty .  With th e  a u th o r 's  re s e a rc h  i n i t i a t i v e ,  a d d i t io n a l  funds
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w ere made a v a i la b le  by bo th  th e  U n iv e rs ity  of S t. Andrews and th e  
S c o t t is h  Development D epartm ent and in  1983 t h i s  m o n ito rin g  network 
was e x te n s iv e ly  ex tended  to  in c lu d e  a  f u r th e r  ra in g au g e  and th e
e s ta b lish m e n t of bo th  w a te r q u a n t i ty  and q u a l i ty  s t a t i o n s  on th e
D a rg a ll Lane and Green Burn. The in s tru m e n ta t io n  a t  each s t a t i o n  i s  
th e  same although  th e  w a te r q u a l i ty  equipm ent i n s t a l l e d  i n  1983 ( ta b le  
4 :1 )  i s  an updated  v e r s io n  of t h a t  i n s t a l l e d  in  1981.
4 :3 :2  .P re .c iP ita tio n .
P r e c ip i ta t io n  q u a n t i ty  i s  co n tin u o u s ly  measured a t  two s i t e s  in  
th e  B lack Laggan sub-catchm en t (shown in  f i g  4 :1 )  u s in g  a deep 
th r o a t  Munro t ip p in g  bucket ra in g a u g e s . The low er ra ingauge  ( p la te s  
IX and X) a t  229m OD c o n s is ts  o f a  0.2mm g o ld -p la te d  t ip p in g  bucket 
which i s  l in k e d  to  a DPS (D ata R e tr ie v a l S e rv ic e s )  PDL 5 e v en t d r iv e n  
lo g g e r . A s im i la r  system  ( p la t e  V III)  i s  employed a t  a h ig h e r 
a l t i t u d e  (405m OD) u s in g  a 0.5mm tip p in g  bucket and a  PDL 7 ev en t 
d r iv e n  lo g g e r. Both gauges o p e ra te  on a  9 v o l t  b a t te ry  power supp ly . 
At both  s i t e s  m onthly t o t a l s  a r e  m anually  checked a g a in s t  a  s ta n d a rd  
280mm O ctapent M eteo ro lo g ica l O ffice  ra in g a u g e . These two s i t e s
p rov ide  a con tinuous re c o rd  of th e  tim ing  and q u a n t i ty  of
p r e c i p i t a t io n  in p u ts .
P r e c ip i ta t io n  q u a l i ty  i s  m on ito red  in  th e  W hite Laggan catchm ent 
co n tin u o u s ly  in  term s of pH and c o n d u c t iv ity .  In c id e n t p r e c ip i t a t io n  
i s  c o l le c te d  in  400mm d iam ete r po lyp ropy lene  fu n n e ls  ( p la t e  XI) and 
passed  through a  *U' tube arrangem ent h o ld ing  perm anently  immersed 
e le c tro d e s  housed in  in s u la te d  boxes. The system  (d es ig n ed  by th e  
SRPB) r e q u ir e s  approx im ate ly  0.2mm of p r e c i p i t a t io n  to  g iv e  a  com plete 
change of w a te r w ith in  th e  tu b e . The pH and c o n d u c tiv ity  of th e
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PLATE IX Black Laggan Lower raingauge site showing
the automatic gauge (foreground) and monthly 
crosscheck gauge in the background
PLATE X
Closeup of Black 











showing the collecting 
funnels for conductivity 
and pH with instrument 
housing in the back­
ground
mm
PLATE XII View of continuous precipitation quality 
monitoring showing instrumentation
in c id e n t  p r e c i p i t a t i o n  a r e  re c o rd e d  v ia  a  HlOX ( s e r i e s  47) pH and 
c o n d u c t iv ity  m eter ( s e r i e s  52) on to  R ustrak  type s t r i p  c h a r t 
r e c o rd e r s .  % ese  co n tin u o u s  re c o rd s  along  w ith  th e  w eekly bulked 
sam ple p ro v id e  th e  d a ta  from w hich a tm ospheric  in p u ts  to  th e  catchm ent 
a re  e v a lu a te d .
4 :3 :3  JBunoff.
The w a te r  le v e ls  in  each of th e  th re e  s tream s a re  m onitored  
c o n tin u o u s ly  u sing  O tt R20 f l o a t  o p e ra ted  c h a r t  r e c o rd e rs  ( p la t e s  XIX 
and XX). These r e c o rd e rs  use  a  s t i l l i n g  w e ll p roducing a f l a t  w ater 
s u r f a c e ,  th e  le v e l  of which i s  t r a n s f e r r e d  from th e  f l o a t  and
co u n te rw e ig h t system  v ia  a s in g le  re d u c t io n  p u lley  (5 to  1) t o  a f ib r e
tip p e d  pen producing a co n tin u o u s  reco rd  on a 32 day clockwork d riv e n  
c h a r t  ( a t  a c h a r t  speed of 5mm hr"^ ) .  Each w ater le v e l  r e c o rd e r  i s  
s i t e d  a t  th e  downstream l i m i t  of th e  catchm ent to  m on ito r th e  t o t a l  
f lu x  o f w a te r  from each catchm ent.
The r e la t io n s h ip  betw een w a te r  le v e l  ( s ta g e )  and d isc h a rg e  i s  
e s ta b l i s h e d  by v e lo c i ty - a r e a  m ethods (W ilson 1975). T his method 
in v o lv e s  a  s e r i e s  of c u r re n t  m eter read in g s  taken  a t  d i f f e r e n t  flow s. 
Such gaugings a t  Loch Dee adop t th e  SRPB s tan d a rd  gauging p r a c t ic e ,  
i e ;  th e  depth  and v e lo c i ty  of th e  stream  ( a t  0 .6  o f th e  stream  depth) 
i s  m easured a t  0.1 m e tre  i n t e r v a l s  a c ro s s  th e  gauging s e c tio n . 
V e lo c ity  i s  m easured u s in g  a B raystoke c u r re n t m eter w ith  a  52mm 
d ia m e te r  p ro p e l le r  over a  tim in g  p e r io d  of 100 seconds (p re  November 
1983 th e  tim ing  p e rio d  was 60 seco n d s). For each gauging th e  s ta g e ,
tim e , d a te  and w eathe r c o n d i t io n s  a re  a ls o  reco rd ed . P la te  X II I  shows
th e  a u th o r  using  a c u r re n t  m e te r to  gauge th e  Green Burn d u rin g  very  
low flow  c o n d it io n s  in  summer 1983.
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PLATE XIII The author carrying out a current meter
gauging on the Green Burn during very low 
flow conditions
stream  d isc h a rg e  from th e  catchm ents i s  th e n  c a lc u la te d  from th e  
c o n tin u o u s ly  reco rd ed  w a te r  le v e l  and th e  r a t i n g  r e la t io n s h ip  
c o n s tru c te d  from th e  gaug in g s u n d ertak en  on each stream . The r a t in g  
r e l a t i o n s h ip  i s  an e m p ir ic a l r e la t io n s h ip  u sing  th e  c o r r e la t io n  
betw een s ta g e  and d is c h a rg e . The r a t in g  r e la t io n s h ip  f o r  each of th e  
th r e e  s tream s fo r  th e  p e r io d  August 1983 to  A p ril 1984 i s  shown in  
f i g s  4 :2  to  4 :4  to g e th e r  w ith  th e  a c tu a l  gauged v a lu e s .
The w a te r le v e l  r e c o rd e r  on W hite Laggan shown in  p l a t e  XXI was 
i n s t a l l e d  e a r ly  in  1980 by th e  SRPB. L a te r  in  th e  y e a r  an a r t i f i c i a l  
c o n tro l  was c o n s tru c te d  i n  o rd e r  to  h e lp  s t a b i l i s e  th e  stream  bed and
w a te r  l e v e l .  The o p e ra t io n  of th e  W hite Laggan s t a t i o n  over 5 y ea rs
h as  been m ost s a t i s f a c t o r y ,  as borne out by th e  s ta b l e  r a t in g  
r e l a t io n s h ip  of f ig  4 :3 .  ’ F o llow ing  re a d ju s tm e n t and th e  s e t t l i n g  o f  
th e  s t a t i o n ,  th e  only problem  has been th e  o c c a s io n a l bank slump 
fo llo w in g  u n d e rc u ttin g  by h igh  flow s which has le a d  to  some of th e  
l e s s  s ta b le  banks above th e  s t a t i o n  f a l l i n g  in to  th e  chan n e l.
With th e  developm ent of th e  a u th o r 's  p ro je c t  and a d d i t io n a l  
fund ing  made a v a i la b le  by th e  S c o tt is h  Development D epartm ent f u r th e r  
w a te r  le v e l  re c o rd e rs  w ere purchased  fo r  i n s t a l l a t i o n  on th e  Green 
Burn and D arg a ll Lane and to  re c o rd  th e  loch le v e l .  The i n s t a l l a t i o n  
o f th e se  re c o rd e rs  was u n d e rta k en  d u ring  e a r ly  summer 1983. The 
c r i t e r i a  used to  s i t e  th e  gauging s t a t io n s  can be summarised as 
fo llo w s :
i .  S ta b le  cdiannel s e c t io n .
i i .  High p e rcen tag e  of tim e th e  flow  i s  con ta ined  w ith in
th e  d e fin e d  chan n e l.
i i i .  No marked in c re a s e  o r d e c re a se  in  v e lo c i ty  e i t h e r  upstream
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or downstream In  p ro x im ity  o f th e  proposed s i t e .
iv .  Flow n o t e x c e s s iv e ly  tu rb u le n t  so  as to  cause e d d ie s  or
o th e r  d is tu rb a n c e s  to  v e lo c i ty  measurement.
v . The p ro v is io n  o f a  c o n tro l  f o r  th e  w a te r le v e l  In v o lv in g
e i t h e r  a n a tu r a l  o r man-made s t r u c tu r e .
v i .  A c c e s s ib i l i ty .
v i i .  Ease of i n s t a l l a t i o n .
The s i t e  fo r  th e  D a rg a ll Lane re c o rd e r  was chosen in  p re fe ren c e
to  o th e r  p o te n t ia l  s i t e s  due to  th e  p resence of a  n a tu ra l  c o n tro l .
The c o n tro l (shown in  p la te s  I I  and XVI) c o n s is t s  of two la rg e  
b o u ld e rs  in  th e  stream  bed form ing a n a tu ra l  *V i n  th e  c e n tre  of th e  
s tream  which c o n t ro l le d  th e  w a te r  le v e l  on i t s  upstream  s id e  during  
low flow s. P la te s  XVI to  XIX show v a r io u s  s ta g e s  o f th e  i n s t a l l a t i o n  
o f ■ th e  gauging s t a t i o n  5 m e tre s  upstream  of t h i s  ' c o n tro l which th e  
SRPB h y d ro lo g is ts  and th e  a u th o r  com pleted in  two days. The f i r s t  
re c o rd s  from t h i s  s t a t i o n  w ere most s a t i s f a c to r y  however a f t e r  a few 
weeks th e  tr a c e  l e f t  by th e  pen on th e  c h a r t  showed ex ce ss iv e  
f lu c tu a t io n .  The a p p a re n t cause of t h i s  pen f lu c tu a t io n  was caused by 
th e  s te e p n e ss  o f th e  channel c re a tin g  a 'w ave ' l i k e  w a te r su rface  
which was t r a n s m it te d  th rough  th e  s t i l l i n g  w e ll and f l o a t  to  th e  pen. 
To dampen t h i s  e f f e c t  Mr. J  Howatson (SRPB) su g g es ted  th e  
i n s t a l l a t i o n  of a plywood board a c ro s s  th e  gauging s t a t i o n  fac in g  th e  
s tream . T his system  was adop ted  and h as  proved m ost s u c c e s s fu l .  A 
f u r th e r  more s e r io u s  problem o ccu rred  during  th e  w in te r  of 1983-1984 
in  which bank u n d e rc u ttin g  changed th e  c o n tro l w ith  th e  consequence of 
some lo s s  o f r a t i n g .  The c o n tro l  was r e p a ir e d  by SRPB h y d ro lo g is ts  
and a new r a t i n g  i s  being  e s ta b l is h e d .  However th e  s p a r s i ty  of gauged 
p o in ts  on th e  o ld  r a t i n g  r e la t io n s h ip ,  shown in  f i g  4 :3 ,  leave a 
c e r t a in  degree  of uno e r t a i n t i t y  w ith  re g a rd s  t o  th e  accuracy  of th e
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PLATE XIV
Dilution gauging using 
a 'gulp' injection of 
sodium iodide in the 




The ion selective 
electrode mounted in 
floating 'boat' coupled 
to a chart recorder 
enabling the regulation 
of sampling frequency
PLATE XVI
Site on the Dargall 
Lane selected for the 
installation of the 
continuous water level 
recorder. The Plate 
also shows the natural 





Removal of the stream 
bank to install the 
stilling well for the 
water level recorder
PLATE X V I I I
Installation of the 






The finished water 
level recorder on 
Dargall Lane
d isc iia rg e  d a ta  from t h i s  catchm ent a t  th a t  tim e.
The problem of m o n ito rin g  w a te r  le v e l  on th e  Green Burn was more 
d i f f i c u l t  due to  th e  n a tu re  of th e  channe l. An id e a l  s i t u a t i o n  fo r  
th e  Green Burn re c o rd e r  would have been to  s i t e  i t  on th e  upstream  
s id e  of th e  F o re s try  Commission ro ad b rid g e  below th e  lo w est t r i b u t a r y ,  
where th e  channel i s  s t i l l  s te e p  s id ed  and would r e t a in  m ost flow s 
w ith in  th e  channel. However in  t h i s  a re a  th e  channel i s  in c is e d  in to  
bedrock  and th u s  im p o ss ib le  to  i n s t a l l  a s u i ta b le  s t r u c tu r e  on. Below 
th e  ro ad b rid g e  th e  channel sh a llo w s and develops a wide f lo o d p la in .  
Having r e je c te d  th e  upstream  s i t e  on grounds th a t  i t  was unw orkable, a 
s i t e  150m downstream of th e  b rid g e  was chosen. In  o rd e r  to  en su re  
s t a b i l i t y  in  bo th  th e  channel and w a te r le v e l  a shallow  'V ' shaped 
c o n tro l of wooden c o n s tru c t io n  was i n s t a l l e d  in  th e  s tream  bed 5 
m e tres  downstream of th e  gauging s t a t io n .  A fte r an i n i t i a l  problem 
w ith  th e  clockwork m otor on th e  c h a r t  re c o rd e r  th e  s t a t i o n  has proved 
most s a t i s f a c to r y .
In  May 1984 an o p p o rtu n ity  a ro se  to  c ro ss-ch eck  th e  accu racy  of 
c u r re n t  m eter gaugings d u ring  low flow c o n d itio n s  a t  Loch Dee. Using 
equipm ent and la b o ra to ry  f a c i l i t i e s  provided by th e  I n s t i t u t e  of 
Hydrology a method of d i l u t i o n  gauging was t r i e d .  A method which
W ilson (1975 p .97) h as  d e sc r ib e d  as  " .............  p a r t i c u la r ly  s u i te d  to
sm a ll tu r b u le n t  s tream s w here d ep th s  and flow s a re  in a p p ro p r ia te  fo r  
c u r re n t  m e te r in g ."  An a p t d e s c r ip t io n  of th e  c o n d itio n s  under which 
d i l u t i o n  gauging was employed a t  Loch Dee.

















FIG 4:6 Results Of The Dilution Gaugings 
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D ilu t io n  gauging in v o lv e s  th e  i n j e c t i o n  e i th e r  a t  a c o n s ta n t r a te  
or as a  "gu lp"  ( i e .  a s in g le  in s ta n ta n e o u s  in p u t)  o f  a  chem ical in  
th e  s tream  %Aich a f t e r  a  long  enough d is ta n c e  downstream to  allow  
thorough m ixing, i s  sampled and th e  c o n c e n tra tio n  o f th e  chem ical 
d e te rm in ed . The c o n c e n tra t io n  of th e  chem ical in  th e  sam ples i s  used 
to  c a lc u la te  th e  d i l u t io n  and hence d isc h a rg e . The method o f d i l u t i o n  
gauging  employed a t  Loch Dee i s  t h a t  used by th e  I n s t i t u t e  of 
H ydrology, Systems Group. T his method in v o lv e s  i n j e c t i n g  a known 
volume of sodium io d id e  t r a c e r  i n to  th e  stream  as a g u lp  i n j e c t i o n  
(shown in  p la te  XIV) and ta k in g  sam ples a t  a d is ta n c e  betw een 50-160 
m e tres  downstream. T his io d id e  method h as  an advantage over o th e r  
d i l u t i o n  te c h n iq u e s  in  th e  in c o rp o ra tio n  of an io n  s e le c t iv e  
e le c t r o d e .  The e le c tro d e  i s  f lo a te d  in  th e  stream  a t  th e  sam pling 
p o in t  (coup led  to  a m e te r and c h a r t  re c o rd e r  on th e  bank), t h i s  
d e te c ts  th e  passage of th e  io d id e  p a s t th e  sam pling p o in t .  P la te  XV 
shows th e  use of t h i s  method on th e  Green Burn. From th e  c h a r t  reco rd  
from th e  io n  s e le c t iv e  e le c tro d e  one can judge th e  sam pling frequency  
n ece ssa ry  in  o rd e r  to  c h a r a c te r i s e  th e  range and d i s t r i b u t i o n  of 
c o n c e n tra t io n s  w h i ls t  con serv in g  th e  number of sam ples tak en .
F ig . 4:6 shows th e  c o n c e n tra tio n s  of io d id e  through each of th e  
gaugings on th e  th re e  s tream s. In  o rd e r  to  c a lc u la te  stream  d isch a rg e  
th e  d a ta  a re  m an ipu la ted  i n  th e  following eq u a tio n :
Q = [ ( C 2 - C o ) d t (Gilman, 1977)
Where Z i s  th e  volume of th e  in j e c te d  s o lu t io n .
Cl i s  th e  c o n c e n tra tio n  of th e  in je c te d  s o lu t io n .
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C2 i s  th e  observed  c o n c e n tra tio n  o f t r a c e r  a t  th e  sam pling 
s t a t i o n  and
Co i s  th e  background c o n c e n tra tio n  in  th e  stream  (assumed 
t o  be c o n s ta n t ) .
The r e s u l t s  o f th e  d i l u t i o n  gauging u n d ertak en  in  th e  th re e  
s tream s a re  g iv e n  in  ta b le  4 :3 .  The r e s u l t s  show th a t  d i l u t io n  
gauging c o n s i s te n t ly  g iv e s  a h ig h e r  d isch a rg e  th an  t h a t  o b ta in ed  from 
th e  r a t in g  r e l a t io n s h ip  from c u r re n t  m e te rin g .
S ta t io n
D a rg a ll
Lane




R ated C u rren t
M eter Gauging 
(m3s ■*’)
0 .016
0 .0 2 2
0 .0 1 6





Table 4 :3  Com parison of R ated C u rren t M eter Gauging 
and D ilu t io n  G auging.
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The d if f e r e n c e s  between th e  two s e t s  of r e s u l t s  a r e  a t t r i b u t a b l e  
to  two re a s o n s . F i r s t l y ,  g iv e n  th e  very  low flow s being d e a l t  w ith , 
c u r re n t  m e te rin g  i s  a t  i t s  m ost in a c c u ra te  where v e l o c i t i e s  of stream
flow  a re  low and v a r ia b le  a c ro s s  th e  stream  w id th . The p ro p o r t io n a l ly
g r e a t e r  boundary e f f e c t s  o f th e  stream  bed and banks a ls o  a c t  to
c r e a te  v a r ia b le  tu rb u le n c e  which can g e n e ra te  e r r o r s  in  th e
m easurem ent p ro c e s s . D ilu t io n  gauging av o id s  such e r r o r s  and w i l l  
work e f f i c i e n t l y  g iv e n  a long  enough channel le n g th  to  en su re  com plete 
m ixing o f  th e  io d id e  t r a c e r .  However d i l u t i o n  gauging may in tro d u ce  
e r r o r s  th rough  in f re q u e n t  sam pling  and a n a ly t ic a l  e r r o r  or more l i k e ly  
th rough th e  p resen ce  of s la c k  w a te r  between th e  i n j e c t i o n  and sam pling 
p o in ts  p re v e n tin g  a  thorough m ixing o f th e  t r a c e r .
A second  so u rce  of d isc rep a n cy  betw een th e  methods used o ccu rs  a s  
a r e s u l t  o f th e  r a t in g  r e l a t io n s h ip s  developed a t  Loch Dee. The 
number o f gaug ings a t  th e  ex trem es of flow  on a l l  th re e  stream s i s  
r a th e r  l im i te d  g iv in g  r i s e  to  a l e s s  w e ll-d e f in e d  r a t in g  r e la t io n s h ip  
under th e s e  flow s and d is c re p a n c ie s  between m ethods of measurement may 
be ex p ec ted  a t  th e se  flo w s. Given th e se  d i f f i c u l t i e s  th e  two s e t s  of 
gauging d a ta  g iv e n  in  t a b le  4 :3  compare rem arkably  w e ll .
I t  i s  l i k e ly  th a t  n e i th e r  method of flow  measurement d esc rib ed  
h e re  i s  id e a l  under th e  f u l l  range o f flow s a t  Loch Dee, however w ith  
th e  p re s e n t  re s o u rc e s  and techno logy  a t  Loch Dee th e se  te ch n iq u es  
p ro v id e  th e  b e s t  e s tim a te  of s tream  d isc h a rg e  a v a i la b le .
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PLATE XX The float-operated chart recorders for the 
continuous measurement of water level in 
the Loch Dee Catchment
PLATE XXI The continuous water level and water quality 
monitoring stations on White Laggan
g :
PLATE XXII The continuous water level and water quality 
monitoring station on Dargall Lane
PLATE XXIII
The continuous water 
level recorder on 
Green Burn
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PLATE XXIV
The continuous water 
quality station on the 
Green Burn showing the 
permanently immersed 
pH electrode
PLATE XXV The continuous water quality instrumentation 
common to all monitoring stations at Loch Dee
W ater q u a l i ty  (pH and o o n d u c tiv ity )  in  th e  s tream s has been 
m easured in  W hite Laggan s in c e  e a r ly  1981 by th e  SRPB. With th e
invo lvem en t of th e  a u th o r  in  th e  p ro je c t  in  1983 s im i la r  system s were 
bought and i n s t a l l e d  in  th e  G reen Burn and D a rg a ll Lane catchm ents. 
The system  a t  each s i t e  c o n s i s t s  o f a PH OX s e r i e s  57 m k .II 
c o n d u c t iv i ty  m eter and a PH OX s e r i e s  47 m k .II  pH m eter, shown in  p la te  
XXV. These system s a re  powered by 6v re c h a rg a b le  b a t t e r i e s  and reco rd  
on to  * R ustrak* p ap er s t r i p  c h a r t  r e c o rd e rs  o p e ra tin g  a t  a speed  of 6-7 
mm hr w ith  th e  c h a r ts  l a s t i n g  fo r  3 months. Both pH and 
c o n d u c tiv ity  a re  a u tc m a tic a l ly  te m p e ra tu re  com pensated to  th e  s tan d ard  
r e fe re n c e  tem p era tu re  o f 25 °^ . The system s a re  housed in
•w e a th e r-p ro o f* boxes on th e  s tream  banks w ith  th e  probes perm anently  
immersed in  th e  stream s a t ta c h e d  to  a wooden s ta k e  d r iv e n  in t o  th e  
s tream  bed. The pH probe c o n s is t s  of a  R u s se ll pH CE7L/NH g e l f i l l e d  
com bination  e le c tro d e  (co m p a tib le  to  th e  la b o ra to ry  model) and i s  
p ro te c te d  by a p l a s t i c  guard . In  th e  W hite Laggan Burn and th e  
D a rg a ll Lane th e  w a te r  q u a l i ty  in s tru m e n ts  a re  a lo n g sid e  th e  gauging 
s t a t i o n  ( p la t e s  XXI and X X II). However in  th e  Green Burn th e  w ater 
q u a l i ty  m o n ito rs  a r e  150m. upstream  of th e  gauging s t a t i o n  (p la te s  
XXIII and XXIV).
The n a tu re  of th e  w a te r q u a l i ty  m easurem ents d ic t a t e s  th e  g r e a te r  
need f o r  m ain tenance th a n  i s  needed f o r  th e  w a te r le v e l  re c o rd e rs , 
Pre 1984 th e  in s tru m e n ts  w ere checked w eekly (d u rin g  th e  summer by th e  
a u th o r)  by SRPB p e rso n n e l. S ince 1984 and th e  appoin tm ent of a
s c i e n t i f i c  o f f i c e r  (Dr. P .H utchinson) to  th e  Loch Dee P ro je c t th e  
in s tru m e n ts  have been checked on a more f re q u e n t b a s is .  A ro u tin e  
check o f th e  in s tru m e n ts  in v o lv e s  checking th e  b a t te ry  v o lta g e  and
when low changing th e  b a t t e r i e s ;  tim e checking th e  s t r i p  c h a r t
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r e c o rd e r s ;  c le a n in g  th e  c o n d u c t iv ity  probe and c le a n in g  and b u ffe r in g  
(pH 4 and 7) th e  pH probe u sin g  s ta n d a rd  BDH b u f fe r  s o lu t io n s  su p p lie d  
by th e  SRPB la b o r a to r ie s .  A re c o rd  o f a l l  ad ju stm en ts , problem s and 
b a t te r y  v o lta g e  i s  a l s o  ta k en . The m ost common problem s w ith  th e se  
type o f m on ito rs  app ea r to  be th e  v a r ia b le  speed  o f th e  c h a r t  
r e c o r d e r s ,  making a c c u ra te  tim e c o r r e c t io n  im p o rtan t in  th e  r e g u la r  
check o f th e  m o n ito rs .
More s e r io u s  {a?oblems occur when th e  s i t e  i s  in a c c e s s ib le  d u ring  
co ld  w in te r  p e r io d s  du ring  which tim e th e  b a t t e r i e s  d ra in  very  q u ick ly  
th u s  r e s u l t i n g  in  th e  lo s s  o f re c o rd s .  In  th e  summer th e re  can be 
s u b s t a n t i a l  b u ild  up of a lg a e  on bo th  th e  ;Æ[ and c o n d u c tiv ity  probes 
which may d i s t o r t  th e  re a d in g s . A f u r th e r  problem w ith  th e  pH 
e le c t r o d e s  i s  th e  p e r is h in g  o f th e  w a te r - t ig h t  housing  fo r  th e  
e le c tro d e  and a l s o  th e  l im i te d  l i f e  o f th e  e le c tro d e s  th em selves, bo th  
r e s u l t i n g  in  th e  lo s s  of re c o rd s .
4 :3 :4  Q u a lity  Co n tro l  and D ata R ed u c tio n of th e  C ontinuous D ata .
The use of con tinuous m o n ito rs  p roduces la rg e  amounts of d a ta  
which in  t h e i r  most b a s ic  fo rm a t may be both bulky and to o  d e ta i le d  
f o r  g e n e ra l u se . In  o rd e r  to  reduce  th e  con tinuous d a ta  i n t o  a more 
u sa b le  and u s e fu l fo rm at much o f th e  d a ta  h as  been reduced in t o  a more 
m anageable form v ia  a com puter.
The s t r i p  c h a r ts  a r e  removed m onthly from th e  w a te r le v e l  
r e c o rd e r s  and 3 m onthly from th e  w a te r q u a l i ty  in s tru m e n ts . The 
c h a r ts  a r e  checked m anually  (w a te r  le v e l  by SRPB and w a te r q u a l i ty ,  
over th e  s tudy  p e rio d  by th e  a u th o r)  f o r  re c o rd e r  m a lfu n c tio n s  and 
equipm ent f a i l u r e .  For th e  w a te r  q u a l i ty  c h a r ts  c ro s s  re fe re n c e  i s
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a l s o  made to  th e  m ain tenance re c o rd s  tak en  a t  th e  s i t e  to  determ ine 
any a d d i t io n a l  f a u l t s  o r n o te s  which may a f f e c t  th e  q u a l i ty  of th e  
re c o rd s .  I t  i s  a t  t h i s  s ta g e  t h a t  d a ta  a re  r e je c te d  on one or more of 
th e  fo llo w in g  c r i t e r i a :
i .  Equipment f a i l u r e  or mal f u n c t io n - th i s  i s  u s u a lly  r e a d i ly  e v id e n t 
from th e  c i ia r ts .
i i .  E x cessiv e  or v a r ia b le  * t im e - s i ip p a g e ’-w here th e  d i a r t  r e c o rd e rs  
have f a i l e d  to  m a in ta in  a r e l a t i v e l y  c o n s ta n t speed th e  d a ta  a re  
r e je c te d  because of problem s in  id e n t i fy in g  th e  tim ing  o f ev en ts  
betw een th e  tim e m arks. T his  f a c to r  o ccu rs du ring  extrem e w eather 
c o n d itio n s  or low b a t te r y  v o lta g e .
i i i .  Where e x c e ss iv e  a lg a l  grow th on th e  w a te r q u a l i ty  e le c tro d e s  i s  
r e p o r te d  in  th e  m ain tenance n o te s  t o  have a d v e rse ly  a f f e c te d  th e  
re a d in g s . T his i s  e v id e n t from a s ig n i f i c a n t  change in  th e  
re a d in g s  b e fo re  and a f t e r  c le a n in g  th e  p robes.
iv .  An a d d i t io n a l  c o n tro l p laced  on th e  pH d a ta  i s  t h a t  fo r  th e  d a ta  
to  be u sab le  th e  pH e le c t r o d e  must b u f fe r  a t  th e  beg inn ing  and 
end o f each tim e checked p e r io d  to  w ith in  0.1 o f a 
pH u n i t  a t  both pH 4 and 7 . T his problem most commonly a r i s e s  
w ith  ex ce ss iv e  a lg a l  grow th ( s u r p re s in g  th e  pH range) o r  as  th e  
e le c tro d e  ages.
W h ils t th e se  f a c to r s  red u ce  th e  amount of a v a i la b le  d a ta  th e  
a u th o r  f e l t  th e se  s t r in g e n t  checks n ecessa ry  to  m a in ta in  a  h ig h  le v e l  
o f  q u a l i ty  and th e re f o r e  co n fid en ce  in  th e  d a ta .
The stream  w a te r  d a ta  f o r  both  q u a n tity  and q u a l i ty  a re  
t r a n s f e r r e d  from c h a r t  to  com puter by means of a  d ig i t i s i n g  t a b l e t ,  
where th e  tra c e  on th e  s t r i p  d i a r t  i s  re p la c e d  by a s e r i e s  of d i g i t a l  
re a d in g s  d tia ra c te r is in g  th e  shape of th e  l i n e .  T his d a ta  i s  h e ld  on
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th e  SRPB D ata G eneral M icronova com puter. T his d ig i t i s e d  d a ta  i s  then  
ru n  th rough a programme w hich c o n v e rts  th e  d ig i t i s e d  l i n e  in t o  hourly  
v a lu e s  o f pH and c o n d u c t iv i ty .  For th e  p ro d u c tio n  of hourly  
d is c h a rg e , d ig i t i s e d  w a te r  l e v e l s  a re  run  through a programme which 
c o n v e r ts  w ater le v e l  i n t o  d isc h a rg e  (m s" ) u s in g  th e  r a t in g  
r e l a t io n s h ip  fo r  each s tream . A ll th e  d a ta  a re  s to re d  in  f i l e s  o f one 
c a le n d e r  month d u ra tio n  (h o u rly  v a lu e s)  w ith  s e p a ra te  f i l e s  fo r  pH, 
c o n d u c tiv ity  and d is c h a rg e . With th e  h e lp  of M r.T .Poodle and 
M r.J.Rooney of th e  Clyde R iv e r P u r i f i c a t io n  Board th e  d a ta  have been 
t r a n s f e r r e d  from D ata G eneral com puter d isk  to  DEC com patib le  m agnetic 
ta p e  fo r  use on S t .  Andrews u n iv e r s i ty  VAX netw ork.
4 :4  The D ata B ase.
The d a ta  used in  t h i s  t h e s i s  amounts to  over 20,000 p ie c e s  of 
d a ta  and has th e re fo re  been o m itte d  as an appendix . However th e  d a ta  
used in  t h i s  th e s i s  i s  a v a i la b le  on m agnetic com puter ta p e . Access to  
th e  d a ta  base i s  ach ieved  i n  th e  f i r s t  in s ta n c e  by c o n ta c t w ith  e i th e r  
th e  U n iv e rs ity  of S t .  Andrews, Dept, o f Geography or th e  Solway 
R iv e r P u r i f i c a t io n  Board, D um fries. Appendix A g iv e s  th e  d e t a i l s  of 
th e  s t a t i o n s  and d a te s  f o r  which re c o rd s  a re  a v a i la b le .
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CHAPTER 5 : .ATMOSPHERIC AND STREAMtfJ^ER. QiEMISTRY. VARIATION IN 
.THE THREE CATCHMERIS....QF. LOCH-DEE.
The o b je c tiv e  o f t h i s  c h a p te r  i s  to  c h a r a c te r i s e  th e  th re e  
catchm en ts of Loch Dee in  term s of t h e i r  o v e ra l l  s tream w ater
c h em is try ; to  i n v e s t ig a t e  th e  tem poral v a r ia t io n  in  a tm o sp h eric  in p u t
to  th e  catchm ent and th e  in f lu e n c e  t h i s  may have on th e  s tream w ater 
chem istry  and to  i d e n t i f y  hydrochem ical c o n tro ls  on stream w ater 
ch em is try . The r o u t in e ly  c o l le c te d  weekly d a ta  from th e  p e rio d  8^^ 
Jan u ary  I960 to  28^^ May 1984 f o r  w eekly bulked p r e c ip i t a t io n ,  D a rg a ll 
Lane, W hite L aggan(l) and G reen Burn p rov ide  th e  d a ta  on which th i s  
c h a p te r  i s  based . B efo re  u sing  th e se  d a ta  i t  was n ece ssa ry  to  
» screen* th e  raw d a ta  to  e l im in a te  d a ta  of a poor q u a l i ty .  The method
o f sc re e n in g  h as  been d e sc r ib e d  in  s e c t io n  4 :2 .
Due to  th e  poor r e p r e s e n ta t io n  (38 sam ples) o f  th e  bulk 
p r e c i p i t a t i o n  in p u ts  no a tte m p t has been made to  in v e s t ig a te  
in p u t-o u tp u t  b u d g e ts . The tim e-b ased  d a ta  p re se n te d  in  f i g s .  5 :2  to  
5 :1 2  a r e  th e  f u l l  (u n sc reen ed ) d a ta  s e t s  fo r  th e  p e r io d  January  1980 
to  May 1984 and a r e  on ly  used to  g iv e  a v is u a l  and d e s c r ip t iv e  
im p ress io n  of th e  tim e based v a r i a t i o n  in  io n ic  c o n c e n tra tio n s .
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5 :2  RESULTS.
To g iv e  an im p re ss io n  of th e  g e n e ra l s e t t in g  fo r  a tm ospheric  
in p u ts  and s tream w ater o u tp u ts  and any i n t e r r e l a t i o n  of th e  v a r io u s
io n ic  s p e c ie s  a t  Loch Dee th e  screened  weekly d a ta  w ere s u b je c t  to  a 
s e r i e s  o f summary s t a t i s t i c a l  te ch n iq u es . In  view of th e  co n s id e ra b le  
problem in  n o rm a lis in g  th e  d a ta  fo r  some of th e  p a ram eters  consid ered  
th e  d a ta  a r e  d e sc r ib e d  in  term s of mean, m edian, and a  n o n -p a ram etric  
(Spearman Rho) c o r r e l a t i o n  te ch n iq u e . The r e s u l t s  a re  g iv e n  in  ta b le s  
5:1 to  5 :7 .  These s t a t i s t i c a l  te ch n iq u es  a re  s ta n d a rd  s t a t i s t i c a l
methods and a r e  d e sc r ib e d  e lsew h ere  (eg . N o rc l i f f e  1982. ) Given th e
u n c e r ta in ty  in  th e  ex ac t tim e of th e  weekly sam ple c o l l e c t io n  during
th e  i n i t i a l  y e a rs  o f th e  p ro je c t  when th e  tim e o f sam pling was n o t
reco rd ed  th e  mean d a i ly  flow (MDF) was used in  c a lc u la t in g  f lo w -io n ic  
c o n c e n tra t io n s .  T his has two im p lic a tio n s  fo r  subseq u en t a n a ly s is .  
The f la s h y  ru n o f f  resp o n se  of White Laggan im p lie s  t h a t  u s ing  MDF
v a lu e s  w i l l  reduce  th e  s tr e n g th  of th e  flow - c o n c e n tra t io n  c o r r e la t io n  
over t h a t  which m ight have been o b ta in ed  u s in g  in s ta n ta n e o u s  flow . 
Secondly , av e ra g in g  flow s in t o  an MDF h as  th e  e f f e c t  o f skewing th e  
d a ta  tow ards s m a lle r  flow s. A skewed d a ta  s e t  in f r in g e s  th e
assum ptions of r e g re s s io n  a n a ly s is  and c a re  m ust be taken  in  
in t e r p r e t i n g  t h i s  type of a n a ly s is .  V alues of MDF f o r  th e  d a te  of th e  
weekly d ie m ica l sam ple have been p lo t te d  to  c o n s tru c t  a flow  overlay  
fo r  use w ith  f i g s .  5 :2  to  5 :1 2  ( i n s e r t  in s id e  back c o v e r) . The
le n g th  o f co n tin u o u s  flow  reco rd s  p e rm its  t h i s  type  o f a n a ly s is  fo r  
W hite Laggan o n ly .
-  113 -
Ion station Mean Median S. Dev. Max. Min. Range
Bulk 22.5 17.7 19.3 78.8 0.0 78.8
H+ DL 8.5 6.3 10.1 78.8 0.0 78.BWL 2.1 0.0 3.7 24.9 0.0 24.9
GB 5.9 2.0 10.9 78.8 0.0 78.8
Bulk 108.7 67.4 89.2 435.0 1.7 433.3
DL 160.3 156.6 42.6 266.2 NA 266.2
WL 173.4 176.2 44.5 267.1 NA 267.1
GB 174.0 173.6 39.5 253.6 93.5 160.1
Bulk 8.6 6.0 13.4 87.0 2.0 84.9
DL 8.9 9.5 3.8 16.4 0 .0 16.4
WL 8.6 8.7 3.2 21.0 0.0 21.0
GB 11.8 10.7 8.4 58.1 3.3 54.7
Bulk 21.3 19.0 20.9 119.8 4.5 115.3
Ca2+ DL 50.8 51.4 12.6 84.3 24.9 59.4WL 79.9 76.8 20.6 137.7 40.9 96.8
GB 68.5 67.8 19.0 124.2 NA 124.2
Bulk 25.8 18.1 19.2 83.9 1.6 82.2
Mg2+ DL 54.3 54.3 11.8 92.1 32.1 60.0WL 73.4 74.0 15,4 106.1 38.6 67.4
GB 78.5 77.3 21.2 139.0 0.0 139.0
Bulk 56.1 53.1 41.7 145.7 NA 145.7
S0^~ DL 85.3 83.3 34.2 177.0 NA 177.0WL 99.9 93.7 42.1 239.4 NA 239.4
GB 86.9 89.5 41.0 229.0 NA 229.0
Bulk 18.5 13.2 17.0 57.1 0.7 56.4
Nin’" DL 11.5 7.9 11.8 51.4 0.0 51.4WL 10.5 6.4 10.7 50.7 0.0 50.7
GB 8.1 3.6 9.9 49.3 0.0 49.3
Bulk 132.9 95.9 104.3 490.7 14.1 476.6
Cl" DL 201.0 203.0 71.4 394.8 84.6 310.2WL 226.3 225.6 73.7 406.1 84.6 321.5
GB 238.6 242.5 80.9 496.3 84.6 411.7
Bulk 17.8 13.4 31.2 188.2 0.0 188.2
nrn” DL 22.1 20.2 10.2 51.1 0.0 51.1iiL.. LJ ^ WL 38.4 34.3 22.0 116.9 2.7 114.3





= Bulk precipitation DL
= White Laggan GB
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^s^tation Bulk Dargall White Green
Ion Precipitation Lane Laggan Burn
Sodium 58.2 56.6 51.4 51.5
Potassium 4.6 3.2 2.5 3.4
Calcium 11.4 17.9 23.7 20.2
Magnesium 13.8 19.3 21.8 23.1
Hydrogen 12.0 3.0 0.6 1.8
Sulphate 24.9 26.6 26.6 23.3
Nitrate 8.2 3.6 2.8 2.2
Chloride 59.0 62.9 60.4 64.0
Bicarbonate
Alkalinity, 7.9 6.9 10.2 10.5
TABLE 5:3 Percentage Contribution of Individual Cations 
and Anions
Mg2+ Ca2+ so* ' NO^ Cl HCO^
Flow .525 --- .260
C006)
-.674 -.604 -.420 — — — -.556
All significant at .001 unless otherwise stated
TABLE 5:4 Spearman Rho Correlations for White Laggan Mean Daily 
Flow




































5 :2 :1  Hydrogen io n .
The weekly bulked p r e c i p i t a t i o n  m edian c o n c e n tra tio n  o f 17,7  ^eq 
H^l  ^ ( t a b l e  5 :1 )  compares w ith  a  volume w eigh ted  (mean) o f  2 0 .0  ^eq  
H'*’i"’  ^ g iv e n  by Welsh and Burns (1985) fo r  Loch Dee over th e  same 
p e r io d . Both of th e se  v a lu e s  a r e  s u b s t a n t i a l l y  l e s s  th a n  th e  mean
«f»w eigh ted  annual average of 30-40 ^ eq  H l  sug g ested  by B a r r e t t  e t  a l  
(1983) f o r  th e  p e rio d  1978-1980. On c lo s e r  in s p e c t io n  of th e  work by 
B a r r e t t  e t  a l  i t  i s  a p p a re n t t h a t  th e  re g io n a l average g iv e n  by th e
a u th o rs  fo r  th e  a re a  i s  based  on 3 annual w eighted  means ( 1978 , 1979
and 1980) from G le n tro o l (3 8 ,2 2  and 29 peq H*l"^ ) and 1 annual 
w eigh ted  mean from C airnsm ore o f F le e t  (1979, 38 ^eq H^l” ^ ) .  This
s in g le  h igh  v a lu e  fo r  C airnsm ore of F le e t  e le v a te s  th e  re g io n a l
a c id i ty  v a lu e  g iv e n  by th e  a u th o rs .  In  th e  l i g h t  of t h i s  i t  i s  l i k e l y
th e  r e s u l t s  p re se n te d  h e re  and by Welsh and Burns (1985) co v erin g  a 
lo n g e r  tim e span  a re  a  more a p p ro p r ia te  in d ic a t io n  of th e  a c id ic  
in p u ts  to  Loch Dee and th e  su rro u n d in g  a re a . (See s e c t io n  5 :3 )
Comparison o f th e  th re e  s tream s in  term s of t h e i r  a c id i ty  ( t a b l e
5 :1 )  shows D a rg a ll Lane to  be th e  most a c id ic  w ith  a  m edian
c o n c e n tra t io n  o f 6 .3  )ieq Green Burn i s  n o t q u i te  so a c id ic  in
+  -1g e n e ra l  term s w ith  a m edian c o n c e n tra t io n  of 2 .0  ^eq H 1 . However
com parison of th e  two stream s range and s ta n d a rd  d e v ia t io n  (G reen Burn 
s .d e v  1 0 . 9 , range 7 8 .8 , D a rg a ll Lane s .d e v  10 .1 , range 7 8 .8  peq .
H^l” ^) s u g g e s t th e re  i s  a la rg e  amount o f v a r i a t io n  away from th e s e
m edian v a lu e s .  The m edian v a lu e s  f o r  W hite Laggan in d ic a te  t h a t  more
th a n  50% o f  th e  w eekly sam ples had a n e g l ig ib le  a c id i ty  ( i e .  a pH> 
6 .0 ) .  W hite Laggan a ls o  has a much low er maximum a c id i ty  v a lu e . The 
low er s ta n d a rd  d e v ia t io n  ( 3 . 7 ) and range (2 4 .9 ) in d ic a te  th a t  th e
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f lu x e s  i n  a c id i ty  and th e  m agnitude of a c id ic  ep iso d es  a r e  much l e s s  
i n  W hite Laggan th a n  in  th e  o th e r  two s tream s.
F ig u re  5 :1  p ro v id e s  a  com parison of a l l  th e  stream  seunpling 
p o in t s  and t h e i r  a s s o c ia te d  frequenqy  of a c i d i t i e s .  In  c o n s tru c tin g  
th e  cum ula tive  frequency  cu rv es  on ly  d a ta  p ass in g  th e  io n  balance 
te c h n iq u e  were in c lu d ed  w ith  th e  consequence th a t  th e  curve t a i l s  a re  
re p re s e n te d  by a few sam ples which may exaggera te  th e se  s e c t io n s  of 
th e  c u rv e . The f ig u r e  shows an  in t e r e s t i n g  t r a n s i t i o n  from D arg a ll 
Lane th rough  Green Burn to  th e  l e a s t  a c id ic  sam ples tak en  over th e  
W hite Laggan catchm ent. Com parison of th e  curves fo r  th e  v a r io u s  
sam pling  p o in ts  w ith in  th e  W hite Laggan catchm ent a re  i n t e r e s t i n g  in  
t h e i r  im p lic a t io n s .  W hite Laggan (1) r e f l e c t s  th e  j o i n t  a c i d i t i e s  
d e r iv e d  from th e  two t r i b u t a r y  sub-catchm en ts re p re s e n te d  by th e  
sam ples from  upper W hite Laggan and S lac k  Laggan. Futherm ore th e  
a c id i ty  o f W hite Laggan (2) i s  c o n s is te n t ly  low er th a n  any of th e  
sam pling  s t a t i o n s  h ig h e r  in  th e  catchm ent, and th e  d u ra tio n  curve 
i s  th e  f l a t e s t .  A f u r th e r  i n d i c a t io n  of th e  a b i l i t y  of th e  W hite 
Laggan catchm ent to  b u f fe r  a c id i ty  i s  provided  by comparing th e  
p e rc e n ta g e  of weekly sam ples w ith  an  a c id i ty  > 10 ^eq H 1 (pH 5 .0 )  
which i s  g iv e n  in  ta b le  5 :2 .
D a rg a ll Lane 24%
W hite Laggan 2%
G reen Burn 17%
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Using th e  d a ta  from ta b le s  5:1 and 5 :2  s u b s ta n t i a l  d if f e re n c e s  
a re  in d ic a te d  betw een th e  s tream  a c i d i t i e s  in  term s of m agnitude and 
d u ra tio n .
R eference  to  f i g  5 :2  i l l u s t r a t e s  t h a t  w h ils t  some of th e  most 
a c id ic  r a i n f a l l  e v e n ts  a r e  a l s o  seen  in  th e  s tream s, n o t a l l  th e  
a c id ic  s tream  e v e n ts  a re  r e a d i ly  ex p la in ed  by a c id  d e p o s it io n . A 
f u r th e r  so u rce  of stream  a c id i ty  ( th e  an n o ta ted  p o in ts  on f ig .  5 :2 ) 
in v o lv e s  an exchange mechanism w ith in  th e  s o i l ,  a p o in t  d iscu ssed  in  
s e c t io n  5 :3  and in  g r e a t e r  d e t a i l  in  c h a p te r  6 .
U sing th e  W hite Laggan c o n c e n tra tio n s  and co rrespond ing  MDF 
v a lu e s  a Spearman Rho c o r r e l a t i o n  in d ic a te s ,  as ex p ec ted , a p o s i t iv e  
r e l a t io n s h ip  (Rs 0 ,5252 ) betw een flow  and a c i d i ty .  T his p o s i t iv e  
r e l a t i o n  e x p la in s  th e  s tro n g ly  seaso n a l tre n d s  d isp la y e d  in  th e  weekly 
c o n c e n tra t io n  in  f i g .  5 :2 ,  in  which h igh  flow s in  th e  w in te r  a re  
a s s o c ia te d  w ith  h ig h  a c id i ty  l e v e ls .
T able 5 :5  shows incom ing p r e c ip i t a t io n  a c id i ty  to  be c o r re la te d  
w ith  th e  p resen ce  of n i t r a t e  and su lp h a te . The s tro n g e r  c o r r e la t io n  
o f  p r e c i p i t a t i o n  a c id i ty  w ith  n i t r a t e  in t im a te s  th e  s in g le  dominant 
source  of a tm o sp h eric  n i t r a t e  w hereas su lp h a te  i s  d e riv e d  frcm both 
an th ro p o g e n ic  p o l lu t io n  and m aritim e  in p u ts  ( s e c t io n  5 :2 :8 ) .  As 
m aritim e  s u lp h a te  i s  n o t a s s o c ia te d  w ith  a c id i ty  th e  s t r e n g th  of th e  
s u lp h a te -  a c id i ty  c o r r e l a t i o n  i s  weakened.
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In  th e  s tream s a c id i ty  i s  no t p o s i t iv e ly  c o r r e la te d  p a r t i c u la r ly  
s tro n g ly  w ith  any o th e r  m ajor io n s  a lth o u g h  th e re  i s  some a s s o c ia t io n  
w ith  n i t r a t e  and po tass iu m . S im ila r ly  i t  i s  i n t e r e s t in g  to  no te  th e  
in v e rs e  c o r r e l a t i o n  o f s u lp h a te  w ith  a c id i ty  in  W hite Laggan. These 
c o r r e l a t i o n s  a r e  l i k e l y  to  be th e  fu n c tio n  of a common p ro c e ss  which 
g overns  th e  c o n c e n tra tio n s  o f th e se  io n s  in  th e  s tream w ater, a f a c to r  
which i s  d isc u sse d  in  g r e a te r  d e t a i l  in  s e c t io n  5 :3 .  Both 
p r e c i p i t a t i o n  and stream w ater a c id i ty  a re  in v e rs e ly  c o r r e la te d  w ith  
a l k a l i n i t y .  In  Green Burn and W hite Laggan a c id i ty  i s  a l s o  in v e rs e ly  
c o r r e la te d  w ith  calcium  and magnesium.
5 :2 :2  C alcium .
R eference to  th e  mean and m edian io n ic  c o n c e n tra tio n s  ( t a b le  5 :1 )  
in d i c a te s  an in c re a s e  in  'average*  calcium  le v e ls  in  th e  o rd e r 
p r e c i p i t a t i o n  ( lo w e s t) ,  D a rg a ll Lane, Green Burn and W hite Laggan. 
V alues f o r  th e  Green Burn and W hite Laggan a re  b ro ad ly  s im i la r ,  
w hereas D a rg a ll Lane i s  in te rm e d ia te  between th e se  two and th e  low 
p r e c i p i t a t i o n  in p u t .
Com parison o f th e  calcium  r e s u l t s  f o r  th e  th re e  s tream s g iv e n  in  
ta b le  5 :1  shows W hite Laggan to  have th e  h ig h e s t  median 
c o n c e n tra t io n . In  c o n t ra s t  D a rg a ll Lane has th e  lo w est calcium  
c o n c e n tra t io n  of th e  s tream s w ith  a  m arkedly low er range o f v a lu e s . 
The c o n t r a s t  in  calcium  ran g es  between D a rg a ll Lane and th e  o th e r  two 
s tream s i s  f u r th e r  su p p o rted  by f ig  5 :3 .  Using th e  MDF o v e rla y  th e re  
i s  ev id en ce  fo r  an in v e rs e  flow -calc ium  r e la t io n s h ip .  For White 
Laggan t h i s  can be shown s t a t i s t i c a l l y  using  a Spearman Rho 
c o r r e l a t i o n .  At a s ig n if ic a n c e  le v e l  of P= .0001 Rs= - .6 7 3 6  i . e .  45%
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o f th e  v a r i a t io n  in  oalcium  c o n c e n tra t io n  can be accounted  f o r  by 
v a r i a t i o n  in  th e  flow . T his f ig u r e  would be much h ig h e r were 
in s ta n ta n e o u s  flow  re c o rd s  a v a i la b le .  As w ith  hydrogen io n  v a lu es  
t h i s  flow  r e l a t i o n  accoun ts  fo r  th e  a p p a re n t s e a s o n a li ty  of th e  d a ta , 
w ith  low summer flow s a s s o c ia te d  w ith  h igh  calcium  c o n c e n tra tio n s .
The g e n e ra lly  low er c o n c e n tra t io n s  ( ta b le  5 :1 )  o f D a rg a ll Lane 
g iv e  an in d ic a t io n  of th e  poo rer w a te r q u a l i ty  d ra in in g  from th i s  
catchm ent. T his p o in t i s  d isc u sse d  in  g r e a te r  depth  in  s e c t io n  5 :3 .
The a tm ospheric  in p u ts  of calcium  to  th e  catchm ent a re  a s s o c ia te d  
w ith  in p u ts  of magnesium and po tassium  ( ta b l e  5 :5 )  th e  so u rces  of 
which a r e  l i k e ly  to  be m aritim e in  o r ig in .  The s tro n g e s t  c o r r e la t io n  
w ith  calcium  in  a l l  th re e  catchm ents i s  magnesium. This c o r r e la t io n  
i s  a fu n c t io n  o f th e  predom inant p ro c e ss  d e term in ing  th e  stream  
c o n c e n tra t io n s  of both  th e se  e lem en ts . i . e .  flow c o n d itio n s . A 
s im i la r  e x p la n a tio n , t h a t  flow  ( i n  p a r t )  de te rm in es  th e  c o n c e n tra tio n s  
o f s u lp h a te ,  a l k a l i n i t y  and a c id i ty  acco u n ts  fo r  th e se  c o r r e la t io n s  
w ith  calc ium .
5 :2 : 3  Magnesiufflt
The g e n e ra l behaviour of magnesium as an io n ic  c o n s t i tu e n t  of 
s tream w ater and p r e c i p i t a t io n  i s  s im i la r  to  th a t  of oalcium . A 
com parison  of f i g s .  5 :3  and 5 :4  d em o n stra te s  th e  a f f i n i t y  in  th e  
behav iou r o f th e se  two io n s  in  each of th e  th re e  s tream s. Thus 
D a rg a ll Lane has a sm a lle r  range of c o n c e n tra tio n  than  th e  o th e r  
s tream s and in  a l l  th re e  s tream s c o n c e n tra tio n s  appear to  be h ig h e r  in  
th e  summer m onths. Table 5 :5  s im i la r ly  in d ic a te s  a h igh  degree  of 
co v a rian ce  between th e se  two io n s . Using a  Spearman Rho c o r r e la t io n
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f o r  magne s i  un-flow  an in v e rs e  r e l a t i o n  e x i s t s  ( i . e .  d i lu t io n )  in  
which 37% o f th e  v a r i a t io n  in  magnesium can be e x p la in e d  by flow 
c o n d itio n s  in  th e  W hite Laggan. As w ith  calcium  t h i s  s u g g e s ts  th a t  
flow  i s  one of o f th e  dom inant c o n tro ls  on s tream w ater magnesium 
c o n c e n tra tio n .
Taking calcium  and magnesium to g e th e r  they p rov ide  25% o f th e  
c a t io n  in p u t ( ta b le  5 :3 )  from th e  atm osphere w h ils t  they  r e p re s e n t  
37%, 45% and 43% o f  th e  c a t io n s  in  D a rg a ll Lane, W hite Laggan and
Green Burn r e s p e c t iv e ly .  T able 5 :5  in d ic a te s  a s tro n g  covariance  
between th e se  two io n s  in  each  of th e  s tream s. This r e la t io n s h ip  was 
ex p lo re d  in  term s of a l i n e a r  r e g re s s io n  th e  r e s u l t s  of which a re  
shown in  f i g .  5 :5 .  I t  i s  e v id e n t th a t  W hite Laggan i s  m arkedly
d i f f e r e n t  from th e  o th e r  two catchm en ts . F ig , 5 :5  shows calcium  and 
magnesium v a lu e s  to  occur over a l im ite d  range of c o n c e n tra tio n s  in  
th e  D a rg a ll Lane, however of i n t e r e s t  i s  th e  d is p e rs io n  of p o in ts  away 
from th e  b e s t f i t  l i n e .  At low c o n c e n tra tio n s  th e r e  i s  l i t t l e
d is p e r s io n  w h ils t  a t  h igh  c o n c e n tra t io n s  th e re  i s  a w ider d is p e rs io n  
o f v a lu e s  w ith  v a lu e s  in  betw een g rad in g  from one extrem e to  th e  
o th e r .  This d is p e rs io n  of v a lu e s  acco u n ts  fo r  th e  low er r  value
(0 .7 4 ) th a n  th o se  observed  in  th e  o th e r  two s tream s. Green Burn
( f i g .  5 :5 )  shows th e  d is p e r s io n  of v a lu e s  to  be much low er ( r= 0 .9 2 ) . 
Comparison o f th e se  two r e g re s s io n a l  eq u a tio n s  shows a c lo se
s im i l a r i t y  in  th e  catchm ent r e l a t io n s h ip s  fo r  Green Burn and D arg a ll 
Lane. F u r th e r  com parison of th e se  two w ith  th a t  of W hite Laggan
in t im a te s  th e  d if fe re n c e  of th e  W hite Laggan catchm ent. The
s ig n i f i c a n t  a sp e c t o f t h i s  r e l a t io n s h ip  i s  th e  much h ig h e r  s lo p e  v a lu e  
(1 .5 7 ) su g g e s tin g  th e  g r e a t e r  a v a i l a b i l i t y  of calcium  in  White
Laggan. This has  i n t e r e s t i n g  im p lic a tio n s  in  term s of th e  w ater
q u a l i ty  of th e  catchm ent. The s tr e n g th  of th e  r e la t io n s h ip  between
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flow  and both  calcium  and magnesium In  th e  W hite Laggan I n f e r s  th a t  
t h i s  p ro c e ss  p redom inan tly  acco u n ts  f o r  th e  r e la t io n s h ip s  and 
d if f e r e n c e s  seen  In  f i g s  5 :1  to  5 :4  (se e  s e c t io n  5 :3 :5 ) .
Magnesium le v e l s  In  th e  p r e c i p i t a t io n  a re  c o r r e la te d  s tro n g ly  
w ith  c h lo r id e  and sodium I n d ic a t iv e  of th e  m aritim e In p u ts  of th e se  
Io n s , a lth o u g h  th e  c o r r e l a t i o n  w ith  calcium  In d ic a te s  t h a t  th e re  may 
be some t e r r e s t r i a l  In p u t. In  th e  D a rg a ll Lane magnesium 
c o n c e n tra t io n s  vary  w ith  th e se  m aritim e a tm ospheric  In p u ts  of sodium 
and c h lo r id e  and a l s o  w ith  n i t r a t e  and po tass iu m . In  both  Green Burn 
and W hite Laggan magnesiun I s  In v e rs e ly  r e la te d  to  s tream w ater 
a c i d i ty ,  In  a d d i t io n  to  th e  weaker c o r r e la t io n s  w ith  sodium and 
c h lo r id e .  Ihe Green Burn a ls o  In d ic a te s  a  c o r r e l a t i o n  of magnesium 
w ith  a l k a l l l t y  w h ils t  W hite Lagganshows a c o r r e l a t io n  w ith  w ith  
s u lp h a te .
5 :2 :4  Z ola& gim :..
The s tream w ater d a ta  o f f ig  5 :6  I n d ic a te s  a c l e a r  seaso n a l 
p a t te r n  in  po tassium  le v e ls  w ith  c o n c e n tra tio n s  low du ring  th e  simmer 
and h ig h  over th e  w in te r  m onths. Such a c l e a r  p a t te r n  su g g e s ts  a 
b io lo g ic a l  c o n tro l .  F ig u re  5 :6  a lso  shows a peak In  potassium
c o n c e n tra t io n s  In  Green Burn d u rin g  summer 1982 (p o in t  A). This peak
I s  th e  r e s u l t  of th e  a p p l ic a t io n  of th e  P-K f e r t i l i z e r  d e sc rib e d  In
c h a p te r  3 . A f u r th e r  I n te r e s t in g  p o in t  from f ig  5 :6  I s  th e  
o ccu rren ce  o f th r e e  sp u r io u s ly  h igh  c o n c e n tra tio n s  of potassium
reco rd ed  In  th e  p r e c i p i t a t io n  c o l le c to r s  ( p o in ts  CD) t h i s  h ig h l ig h ts  
th e  s u s c e p t i b i l i t y  of co n tin u o u s ly  open bu lk  p r e c i p i t a t io n  c o l le c to r s  
to  c o n tam in a tio n . As a consequence of t h i s  f e r t i l i z e r  a p p l ic a t io n  to  
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range of potassium  c o n c e n tra tio n s . The p o s i t iv e  (weak) c o r r e la t io n  
between flow  and potassium  ( t a b l e  5 :4 )  i s  in  common w ith  o th e r  B r i t i s h  
works (Edwards 1973 and W alling  and Webb 1981). Table 5 :5  su g g es ts  
th a t  v a r ia t io n s  in  potassium  le v e ls  in  th e  stream s a re  c o r re la te d  
( p o s i t iv e ly )  w ith  changes i n  stream  a c id i ty ,  and fo r  G reen Burn and 
W hite Laggan potassium  has an in v e rs e  r e l a t i o n  w ith  stream  
a l k a l i n i t y .  These c o r r e la t io n s  i l l u s t r a t e  th e  common p ro c e ss  of 
s tream  d isch a rg e  in  d e term in ing  th e  io n ic  c o n c e n tra tio n s  o f th e se  
e lem en ts.
5 :2 :5  Sodium.
Sodium dom inates bo th  th e  a tm o sp h eric  in p u t (58% o f  c a t io n s )  and 
th e  w a te r chem istry  of th e  th re e  s tream s. In p u ts  of sodium a re  h ig h ly  
c o r r e la te d  ( ta b le  5 :5 )  w ith  th e  p r in c ip a l  s e a - s a l t  components of 
magnesium and c h lo r id e , i l l u s t r a t i n g  th e  predom inant r o le  o f m aritim e 
so u rces  in  supp ly ing  a tm ospheric  in p u ts  a t  Loch Dee. F ig  5 :7  shows 
th e  la rg e  v a r ia t io n  in  th e se  s e a - s a l t  in p u ts .  The e p iso d ic  n a tu re  of 
th e se  in p u ts  i s  f u r th e r  e v id e n t from th e  la rg e  range and s ta n d a rd  
d e v ia t io n  f ig u r e s  of ta b le  5 :1 .  H ig h lig h ted  on f i g  5 :7  a re  th e  
e x c e p tio n a lly  h igh  c o n c e n tra tio n s  of sodium in  th e  p r e c ip i t a t io n  
( p o in ts  A to  G) which have le a d  to  d i r e c t  consequences in  stream w ater 
ch em is try . A f u r th e r  p o in t  to  no te  from th e  diagram  i s  th e  in c re a se d  
number of th e se  's e a - s a l t *  ep iso d es  s in c e  1982. This in c re a se d  
in p u t o f s e a - s a l t s  has le a d  to  an in c re a s e  (over th e  sampled p e rio d ) 
o f  sodium c o n c e n tra tio n s  in  th e  s tream s. Furtherm ore c ro s s - re fe re n c e  
betw een f i g  5:1 and 5 :7  in d ic a te s  th e re  i s  an ap p aren t l i n k  between 
h ig h  sodium c o n c e n tra tio n s  in  th e  p r e c ip i t a t io n  sam ples and e le v a te d  
stream  a c id i ty  ( p o in ts  A to  G on f i g s  5:1 and 5 :7 ) •  T his h y p o th e s is  
i s  examined in  g r e a te r  d e t a i l  in  s e c t io n  5 :3  and c h a p te r  6 .
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The c o r r e la t io n  of sodium in  th e  stream s i s  s t ro n g e s t  w ith  
c h lo r id e  im ply ing  th e  dom inant source  of sodium in  th e  s tream s i s
d e r iv e d  from atm ospheric  in p u ts  of a m aritim e  o r ig in ,  a lthough  th i s  
c o r r e l a t i o n  does vary  in  s tre n g th  between th e  th re e  s tream s.
5 :2 :6  C h lo rid e .
C h lo ride  i s  th e  dom inant a n io n ic  c o n s t i tu e n t  a t  Loch Dee
c o n tr ib u tin g  between 59% t o  64% o f th e  an io n s  in  th e  p r e c ip i t a t io n  and 
stream w ater. Table 5 :5  shows th a t  th e  a tm ospheric  d e p o s ite d  c h lo r id e  
acco u n ts  fo r  much of th e  v a r i a t io n  in  bo th  sodium and magnesium in  th e  
bu lk  p r e c ip i t a t io n  sam ples i l l u s t r a t i n g  th e  predom inant m aritim e 
source  of th e se  io n s . C a lc u la tin g  a  mean Na:Cl r a t i o  f o r  th e se  
p r e c i p i t a t io n  sam ples g iv e s  a  r a t i o  o f 0 .83  ( f ig  5 :9 ) .  This
compares to  a seaw a te r NarCl r a t i o  o f 0 .86  ( S u tc l i f f e  e t  a l  1983). 
T his in d ic a te s  th e re  i s  an atmospAieric ex ce ss  o f c h lo r id e  above th a t  
of a  m aritim e o r ig in . W hilst th e  ex cess  c h lo rid e  r e p re s e n ts  on ly  a  
sm a ll p ro p o r tio n  o f th e  t o t a l  in p u t ,  th e  co m p lica tio n s  inv o lv ed  in  
a s s ig n in g  r e l a t i v e  p ro p o r tio n s  to  m aritim e  and non-m aritim e in p u t 
ru le d  ou t f u r th e r  a n a ly s is  in  d e te rm in in g  th e  amount of n a tu ra l  and 
an th ro p o g en ic  su lp h a te .
F ig  5 :8  has been a n n o ta te d  to  h ig h l ig h t  th e  in c id e n ts  of
s e a - s a l t  e p iso d e s , where th e  in p u t of s e a - s a l t  la d en  p r e c ip i t a t io n  has 
been s u f f i c i e n t ly  la rg e  (under conducive hyd rom eteo ro lo g ica l 
c o n d itio n s )  to  have an im m ediate im pact on stream w ater q u a l i ty .  F ig  
5 :8  a ls o  shows a s e a s o n a l i ty  to  th e se  c h lo rid e  in p u ts  w ith  in c id e n ts  
o f  h igh  c o n c e n tra tio n s  o c c u rr in g  over th e  w in te r  m onths. As a 
consequence of t h i s  se a so n a l v a r ia t io n  in  th e  in p u ts  of c h lo r id e  th e
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stream s show an approx im ate se a so n a l p a t te r n ,  w ith  c o n c e n tra t io n s  h igh  
d u ring  th e  w in te r  months and low du rin g  th e  summer m onths. Such 
f in d in g s  have been r e p o r te d  f o r  w es te rn  Norway by S k a r tv e i t  (1 9 8 1 ).
P o in t AT on f ig  5 :8  i s  of unusual i n t e r e s t ,  t h i s  peak 
co rresp o n d s to  th e  f lu s h in g  o u t of potassium  from th e  P-K f e r t i l i z e r  
(d e s c r ib e d  in  c h a p te r  3) and in d ic a te s  th a t  po tassium  i s  f lu s h e d  and 
le ach ed  ou t of th e  s o i l s  w ith  c h lo r id e  w h ils t  th e  fh o sp h a te  in p u t i s  
r e ta in e d .
P lo t t in g  th e  s c a t t e r  o f c h lo r id e  a g a in e s t sodium r e v e a ls  a l i n e a r  
r e l a t io n s h ip  fo r  bo th  p r e c i p i t a t i o n  and th e  s tre a m s. F ig  5 :9  
i l l u s t r a t e s  th e  r e l a t io n s h ip  f o r  each o f th e  sam pling s t a t i o n s .  The 
Na:Cl r e la t io n s h ip  f o r  D a rg a ll Lane and W hite Laggan acco u n ts  fo r  
app rox im atley  80$ o f  th e  v a r ia n c e  of th e se  io n s . For G reen Burn th e  
s c a t t e r  o f p o in ts  i s  much g r e a t e r  and th e  r e la t io n s h ip  on ly  acco u n ts  
fo r  65$ o f th e  v a r ia n c e . T his i s  e x p la in ed  in  p a r t  by th e  in p u t of 
c h lo r id e  w ith  th e  f e r t i l i z e r  ( i e .  KCl) fo llo w in g  th e  a p p l ic a t io n  of 
th e  P-K f e r t i l i z e r  to  th e  catchm ent.
F ig  5 :9  shews th e  NarCl r a t i o  fo r  th e  s tream s to  have a 
sy s te m a tic  p ro g re s s io n  away from th e  p r e c ip i t a t io n  r a t i o  in  th e  o rd er 
D a rg a ll Lane, White Laggan, Green Burn. A s im i la r  p ro g re s s io n  can be 
seen  in  ta b le  5 :5  fo r  th e  c o r r e l a t i o n  of c h lo r id e  w ith  sodium, 
magnesium and calcium . A p o in t  f u r th e r  d iscu ssed  in  s e c t io n  5 :3 .
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5 :2 :7  ü l t r a t e .
F ig  5 :10  shows c l e a r ly  th e  b io lo g ic a l  c o n tro l of n i t r a t e  
c o n c e n tra t io n s  i n  th e  s tream s. Minimum n i t r a t e  l e v e l s  occur during  
th e  summer months r i s i n g  d u rin g  l a t e  autumn to  reac h  a  peak in  e a r ly  
sp r in g . A s im i la r  se a so n a l p a t te r n  fo r  th e  f o r e s te d  and g ra s s  
p a s tu re s  o f th e  S evern  and Wye catchm ents (W ales) have been re p o r te d  
by R oberts  e t  a l  (1983)• The g e n e ra l p a t te r n  of n i t r a t e  l e v e l s  i s  th e  
same f o r  a l l  th r e e  s tream s a t  Loch Dee, however th e  m agnitude d i f f e r s  
between them. B io lo g ic a l  up take in  th e  catchm ents i s  f u r th e r  
su g g es ted  in  t a b le  5 :1  in  which p r e c i p i t a t io n  c o n c e n tra tio n s  a re  
h ig h e r  th a n  th e  stream  c o n c e n tra tio n s .  T able 5 :1  a ls o  su g g e s ts  a 
p ro g re s s iv e  d if f e r e n c e  between th e  th re e  stream s in  term s o f range and 
c o n c e n tra t io n  o f n i t r a t e .  D a rg a ll Lane has th e  l a r g e s t  range and 
c o n c e n tra t io n  w h i ls t  G reen Burn th e  s m a lle s t .
T able 5 :5  shows p r e c i p i t a t i o n  to  be c o r r e la te d  w ith  th e  
a c id ify in g  compounds of s u lp h a te  and hydrogen io n  i l l u s t r a t i n g  th e  
r o le  of n i t r a t e  in  p r e c i p i t a t i o n  a c id i ty  ( s e c t io n  5 :2 :6 ) .  The 
c o r r e l a t i o n  of n i t r a t e  in  th e  3 s tream s w ith  po tassium  u n d e r l ie s  th e  
common r o le  p layed  by v e g e ta t io n  in  c o n t ro l l in g  th e  stream w ater 
c o n c e n tra tio n s  of th e se  two e lem en ts .
5:2:8 .Sulphate,
C hap ter 4 :2 :3  h as  in d ic a te d  th e  p o s s ib le  so u rc e s  o f e r r o r  in  th e  
c o l l e c t io n  of en v ironm en ta l chem ical d a ta . F ig  5:11 i l l u s t r a t e s  an 
example o f a type I I  e r r o r ,  where fo r  th e  m ajor p a r t  of 1982 th e  
method o f  s u lp h a te  a n a ly s is  was found to  be u n r e l i a b le  (c h a p te r
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4 :2 : 2 ) .  Su oh u n fo re se e n  problem s in  chem ical a n a ly s is  J u s t i f y  th e  use 
o f an io n -b a la n c e  te ch n iq u e  to  s c re e n  th e  d a ta .
A f u r th e r  p o in t  i l l u s t r a t e d  by f ig  5:11 i s  th e  la rg e  range and 
s c a t t e r  of s u lp h a te  c o n c e n tra t io n s  in  bo th  th e  p r e c i p i t a t io n  and th e  
s tream s. From th e  f ig u r e  th e r e  appear to  be o cca s io n s  w here high 
c o n c e n tra t io n s  o f s u lp h a te  in  th e  p r e c i p i t a t i o n  have r e s u l te d  in  
e le v a te d  s u lp h a te  c o n c e n tra t io n s  in  th e  th re e  s tream s. Using th e  
W hite Laggan MDF and s u lp h a te ,  th e  d a ta  in t im a te  a weak in v e rs e  
c o r r e l a t i o n  acco u n tin g  fo r  17$ o f th e  v a r i a t io n  in  su lp h a te  
c o n c e n tra t io n s  ( t a b l e  5 :4 ) .  In  term s o f c o n t r ib u t io n  to  th e  chem istry  
a t  Loch Dee su lp h a te  i s  th e  second l a r g e s t  a n io n ic  in p u t and o u tp u t 
from th e  catchm ents c o n tr ib u tin g  betw een 23$ and 27$ o f  th e  a n io n ic  
c o n s t i tu e n ts .
In  th e  l i g h t  of th e  u n c e r t a i n t i t i e s  su rround ing  th e  source of 
a tm o sp h eric  c h lo r id e  ( s e c t io n  5 :2 :6 )  i . e .  th e  c o n tr ib u t io n  from 
n a tu ra l  and unknown so u rc e s , i t  was n o t p o s s ib le  to  a s s ig n  th e  
p ro p o r tio n  o f p r e c i p i t a t i o n  a c id i ty  to  th e  su lp h a te  and n i t r a t e  io n s . 
N e v e r th e le s s  r e fe re n c e  to  ta b le  5 :5  does su g g es t t h a t  a p ro p o r tio n  of 
in c id e n t  s u lp h a te  i s  o f an th ro p o g e n ic  o r ig in  in  i t s  c o r r e la t io n  w ith  
n i t r a t e  and hydrogen io n s . In  th e  G reen Burn su lp h a te  shows no 
c o r r e l a t i o n  w ith  o th e r  s tream w ater io n s  w hich i s  somewhat s u r p r is in g .  
In  D a rg a ll Lane s u lp h a te  i s  c o r r e la te d  w ith  calcium  and magnesium 
w h ils t  in v e r s e ly  c o r r e la te d  w ith  hydrogen io n  c o n c e n tra tio n s . These 
c o r r e l a t i o n s  i l l u s t r a t e  th e  r o le  of d isch a rg e  in  d e term in ing  
s tream w ate r c o n c e n tra tio n s .
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5:2:9 Bloar.boaate Alkal la i t y  »
The va lue  of 'average*  a l k a l i n i t y  d a ta  from b e fo re  December 1983 
i s  l im i te d  by th e  method o f d e te rm in a tio n  (c h a p te r  4 :2 :2 )  q u o tin g  
a l k a l i n i t y  to  th e  n e a r e s t  mg l ” \  from December 1983 however, 
a l k a l i n i t y  has been d e term ined  to  1 decim al p la c e . T h is d if f e re n c e  i s  
e v id e n t  from f ig  5 :1 2
F ig  5 :12  and ta b le  5 :1  p ro v id e  an in t e r e s t in g  c o n t r a s t  between 
th e  a l k a l i n i t y  v a r i a t io n  in  th e  3 s tream s, D a rg a ll Lane h as  very  low 
le v e ls  o f a l k a l in i t y  and only  a  sm all range of c o n c e n tra tio n s . This 
i s  in  c o n t r a s t  to  th e  la rg e  ran g e  o f c o n c e n tra tio n s  in  G reen Burn and 
th e  g e n e r a l ly  h ig h e r l e v e l s  o f a l k a l i n i t y  in  W hite Laggan. S im ila r ly  
t h i s  d if f e re n c e  i s  seen  in  t a b le  5 :3  in  which a l k a l in i t y  c o n t r ib u te s  
6.9% o f th e  an io n s in  D a rg a ll Lane, in  com parison t o  th e  10.2% and 
10.5% fo r  White Laggan and G reen Burn r e s p e c t iv e ly .  A f u r th e r  
c o n t r a s t  between th e  th re e  catchm ents* a l k a l in i ty  i s  p rov ided  by th e  
cu m u la tiv e  frequency  cu rv es  shown in  f i g  5 :13 . The cu rv es  show a 
s i g n i f i c a n t  d if f e re n c e  fo r  th e  D a rg a ll Lane which has a  low er maximum 
le v e l  of a l k a l in i t y  as w e ll  as  showing a low er c o n c e n tra t io n  of 
a l k a l i n i t y  fo r  a h ig h e r  p e rc e n ta g e  of th e  sam ples. In  c o n t r a s t  Green 
Burn and W hite Laggan have h ig h e r  l e v e ls  of a l k a l in i t y  in  a g r e a te r  
number o f sam ples. As w ith  th e  H’*’ cu rves of f ig  5:1 W hite Laggan 
(1) i s  th e  p roduct of th e  c o n t r ib u t io n  of a l k a l i n i t i e s  in  th e  two 
t r i b u t a r y  catchm ents o f B lack  Laggan and upper W hite Laggan. Also 
f i g  5 :1 3  shows a  s i g n i f i c a n t  in c re a s e  in  a l k a l i n i t y  downstream 
betw een W hite Laggan (1) and W hite Laggan (2 ) .
















































In  th e  bu lk  p r e c i p i t a t i o n  sam ples a l k a l i n i t y  i s  in v e rs e ly  
c o r r e la te d  w ith  th e  a c id ify in g  io n s  o f hydrogen and n i t r a t e .  In  th e  
s tream s th e  in c re a s e  of a c id i ty  w ith  in c re a s e d  d isc h a rg e  has a lread y  
been n o ted  (5 :2 :1 )  i t  i s  th e r e f o r e  no t s u rp r is in g  to  f in d  th e  in v e rse  
r e l a t i o n  between a l k a l i n i t y  and a c id i ty  as w e ll as  flow  ( t a b l e  5 :4  and 
5 :5 ) .  The f u r th e r  c o r r e la t io n s  of a l k a l in i t y  in  th e  stream s 
d em onstra te  th e  a s s o c ia t io n  w ith  flow , th e  ex c e p tio n  being n i t r a t e  
which w h i ls t  seem ingly  flow indep en d en t has a c lo s e  a s s o c ia t io n  w ith  
a c id i ty .
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5:3 DIS.CüSaiQJL
S e c t io n  5 :2  has d e sc r ib e d  th e  v a r i a t i o n  of th e  d i f f e r e n t  io n ic  
s p e c ie s  th rough  tim e and a c ro s s  th e  th re e  catchm ents a t  Loch Dee. The 
r e s u l t s  in d i c a te  th a t  th e  v a r i a t io n  in  s tream w ater chem istry  can be 
e x p la in e d  in  term s of f iv e  sy stem s. These f iv e  system s and th e  io n s  
they  r e g u la te  a re  g iv e n  in  ta b le  5 : 6 .
C o n tro l. Ion .
I .  ATMOSPHERIC C l" , 80^", Na"*", Mg '^*', H"*"
I I .  WEATHERING Ca '^*’, Mg^" ,^ Na" ,^ HCO"^
I I I .  ION EXCHANGE Na'*', H'*’
IV. BIOLOGICAL NO"^,
V. FLOW H"*", Ca '^*’, Mg '^*', S0^“ , HCO3
T able 5 :6 .  The system s re g u la t in g  th e  com position  of 
s tream w ater chem istry  a t  Loch Dee.
The system s proposed in  ta b le  5 :6  combine in  v a ry in g  p ro p o r tio n s  
w ith in  th e  d i f f e r e n t  catchm ents to  r e g u la te  stream w ater chem istry . 
These system s a re  b e s t  looked a t  in  tu rn  b e fo re  g iv in g  an overview  of 
s tream w ate r v a r i a t io n  a t  Loch Dee.
5 :3 :1  j&tmoBiherio,
A tm ospheric in p u ts  to  Loch Dee p rov id e  an im p o rtan t source of th e  
m ajor io n s  to  th e  s tream s. Those s tream w ater io n s  which a re  
p red o m in an tly  c o n tro l le d  by a tm ospheric  in p u ts  a re  th o se  of a  m aritim e 
o r ig in .  The predcxninance of th e se  io n s  r e f l e c t s  th e  p rox im ity  of Loch
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Dee to  th e  Solway F i r th  to  th e  so u th , th e  I r i s h  Sea and A tla n t ic  Ocean 
to  th e  w est.
Of p a r t i c u l a r  im portance to  s tream w ater chem istry  i s  th e  
a tm o sp h eric  in p u t of c h lo r id e .  S e c t io n  5 :2 :6  has in tim a te d  th a t  th e re  
i s  an ex ce ss  of c h lo r id e  beyond th a t  d e riv e d  from m aritim e  so u rc e s . 
T h is e x c e ss  c h lo rid e  a t  Loch Dee has a ls o  been p o s tu la te d  by Welsh and 
Burns (1 9 8 5 ). Assitaing a l l  th e  sodium in  th e  p r e c ip i t a t io n  to  be of a 
m a ritim e  o r ig in  i t  i s  su g g es ted  t h a t  5% o f th e  t o t a l  c h lo r id e  i s  from 
t h i s  in d e te rm in a te  so u rce . S tevenson  (1968) s im i la r ly  d e s c r ib e s  an 
ex c e ss  o f c h lo r id e  fo r  c e n t r a l  England a p p a re n tly  a t t r i b u t a b l e  to  
a n th ro p o g e n ic  p o l lu t io n .  More r e c e n t ly  S u tc l i f f e  and G arrick  (1983) 
found p r e c i p i t a t i o n  in  th e  W indermere catchm ent (Cumbria) to  have 
c h lo r id e  o f a » non-marine* o r ig in  w hich accounted  fo r  between 2.4% and 
5.7% o f  t o t a l  c h lo r id e . S u tc l i f f e  and G arrick  su g g e s t t h i s  ex ce ss  
c h lo r id e  in p u t to  be of an th ro p o g en ic  o r ig in .  Also of im portance i s  
th e  a tm o sp h eric  in p u t of sodium. S e c t io n  5 :2 :5  has a lre a d y  in d ic a te d  
t h a t  much o f th e  f lu c tu a t io n  in  sodium c o n c e n tra tio n s  in  th e  s tream s 
i s  th e  r e s u l t  of f lu c tu a t io n s  in  th e  atm ospheric  in p u t of t h i s  io n . 
M aritim e a i r  m asses a t  Loch Dee a ls o  p rov ide  s ig n i f i c a n t  in p u ts  of 
magnesium and su lp h a te .
In  a d d i t io n  to  th e  'n a tu ra l*  in p u ts  of io n s  a s ig n i f i c a n t  
c o n t r ib u t io n  to  th e  p r e c i p i t a t i o n  ch em istry  i s  a p p a re n tly  d e riv e d  frcxa 
a n th ro p o g e n ic  p o l lu t io n .  The c o r r e l a t i o n  o f bulk  p r e c i p i t a t io n  
a c i d i ty  w ith  bo th  n i t r a t e  and s u lp h a te  i s  c o n s is te n t  w ith  th e  
h y p o th e s is  th a t  th e  a c id s  in  p r e c i p i t a t i o n  a re  a t t r i b u t a b l e  to  a 
co m bination  of su lp h u r ic  and n i t r i c  a c id s .  The r e s t r i c t i o n s  on th e  
so u rce  o f a tm ospheric  c h lo r id e  however p re v e n ts  th e  c a lc u la t io n  of 
t h e i r  r e l a t i v e  im portance . In  s e c t io n  5 :2 :1  i t  was su g g ested  th a t  th e
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d if f e r e n c e  of p r e c ip i t a t io n  a c id i ty  betw een th a t  re p o r te d  f o r  Loch Dee 
and th a t  re p o r te d  fo r  S.W, S co tlan d  by B a r r e t t  e t  a l (1983) may be a 
fu n c t io n  o f a s in g u la r ly  h igh  a c id i ty  re p o r te d  f o r  C airnsm ore of 
F le e t .  However one m ust a ls o  s p e c u la te  th a t  p a r t  of th e  d if f e re n c e  i s  
due to  a  downward tre n d  in  80^ em issio n s  s in c e  th e  mid 1970*8 (s e e  
B a r r e t t  e t  a l 1983, p .49) o r a t  l e a s t  a  f lu c tu a t io n  in  p r e c i p i t a t io n  
a c id i ty  between th e  sampled y e a rs .
The ro le  of a tm ospheric  in p u ts  to  Loch Dee i s  most e v id e n t when 
s e a - s a l t  in p u ts  undergo c a t io n  exchange in  th e  s o i l s  o r when th e  
a tm o sp h eric  c o n c e n tra tio n s  a r e  h igh  and d e p o s ite d  under 
h y d ro m eteo ro lo g ica l c o n d itio n s  conducive to  having an im m ediate e f f e c t  
on s tream w ater ch em is try . Most o f th e se  p o in ts  have been h ig h l ig h te d  
on f i g s  5 :2 ,  5 :7  and 5 :8 .
The a tm ospheric  in p u t  of io n s  w i l l  be supplem ented and m od ified  
by chem ical w ea th e rin g , v e g e ta t io n a l  req u ire m en ts , io n  exchange and 
flow  ro u tin g  through th e  catchm ent b e fo re  reach in g  th e  s tream s.
5 :3 :2  .Ion Exchange,
The p r in c ip a l  io n s  in v o lv ed  in  io n  exchange w ith in  th e  catchm ent 
s o i l s  a t  Loch Dee a re  Na^, H^  and C l" . C hapter 2 has c i te d  ev idence 
from th e  l i t e r a t u r e  ( S k a r tv e i t  1981) where p r e c ip i ta t io n  h e a v ily  la d en  
w ith  s e a - s a l t s  has caused a r i s e  i n  s tream  a c id i ty .  The mechanism i s  
a p p a re n tly  one where sodium in  th e  p r e c i p i t a t io n  i s  exchanged on s o i l  
and p e a t c o l lo id s  fo r  H  ^ w h ils t  Cl" p a sse s  through th e  s o i l  unchanged 
and th e re b y  a c id ify in g  th e  ru n o f f  w h ils t  th e  sodium i s  r e ta in e d  in  th e  
catchm en t. T his p ro cess  acc o u n ts  fo r  s e v e ra l of th e  very  a c id ic  
s tream w ater ep iso d es  over th e  p e r io d  of stu($y ( s e e  ch ap te r  6 ) .
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5:3:3 Weathering,.
In  a d d i t io n  to  a tm o sp h eric  in p u ts  th e  w ea th e rin g  o f bedrock  and 
su b su rfa ce  m a te r ia ls  p ro v id es  a prim ary source of m ajor io n s  which may 
be leach ed  or exchanged by w ater p e rc o la tin g  through th e  catchm ents. 
The s tudy  by L i t t l e  (1985) on chem ical d en u d a tio n  r a t e s  a t  Loch Dee 
in d ic a te d  th e  o rd e r of d en u d a tio n  between th e  catchm en ts to  be: 
D a rg a ll Lane ( l e a s t ) .  W hite Laggan, Green Burn ( g r e a t e s t ) .  Assuning 
c h lo r id e  to  be a c o n s e rv a tiv e  io n , d e riv e d  from th e  atm osphere 
c o n s id e r  ta b le  5 :7 .
c o r r e l a t i o n  (Spearman Rho)
Na:Cl Mg:Cl Ca:Cl
D a rg a ll Lane .89 .77 .44
W hite Laggan .88  .48  .31
Green Burn .83  .33  .29
Table 5 :7  Spearman Rho c o r r e l a t i o n s  fo r  c h lo rid e  in  th e  w eekly 
sp o t stream w ater sam ples.
T able 5 :7  su g g e s ts  th a t  th e re  i s  p ro g re s s iv e ly  h ig h e r 
c o n c e n tra tio n s  of n o n -c o n se rv a tiv e  io n s  ( i e ,  sodium, magnesium and 
calcium ) in  th e  same o rd e r  proposed by L i t t l e  f o r  chem ical d en u d a tio n  
r a t e s .  T h is im p lie s  th a t  th e  chem ical w eathering  o f sodium, magnesium 
and calcium  s u p p lie s  c a t io n s  a t  d i f f e r e n t  r a t e s  a cc o rd in g  to  th e  
catchm ent. S im ila r ly  th e  Na:Cl re g re s s io n  l i n e s  of f i g .  5 :9  show a 
p ro g re s s io n  away and a re d u c t io n  in  th e  s t r e n g th  o f th e  Na:Cl
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a s s o c ia t io n  found i n  th e  bu lk  p r e c i p i t a t i o n .  The im p lic a t io n  o f th e se  
r e s u l t s  i s  th a t  th e re  i s  an  in c re a s in g  amount of sodium w eathered  and 
r e le a s e d  from th e  ca tchm en ts . L i t t l e  (1985) re a so n a b ly  a rg u es  th a t  
th e s e  d i f f e r e n c e s  a re  a t t r i b u t a b l e  to  th e  f o r e s t  d i tc h e s  over 70% o f 
G reen Burn and 27% o f  W hite Laggan. The f o r e s t  d i tc h e s  have th e  
e f f e c t  o f exposing  a g r e a t e r  s u rfa c e  a re a  of s o i l s  and u n d erly in g  
b ed rock  to  w ea th e rin g  which w i l l  cause an in c re a s e  in  th e  d en u d a tio n  
r a t e s .
F ig u re  5 :5  in d ic a te s  t h a t  th e  calcium  and magnesium r a t i o s  a re  of 
th e  same o rd e r (0 .8  x Mg) f o r  D a rg a ll Lane and Green Burn a lth o u g h  th e  
r e l a t i o n s h ip  fo r  Green Burn i s  much s tro n g e r .  W hite Laggan shows a 
h ig h e r  p ro p o r tio n  of calcium  ( 1.57 x Mg) th a n  e i t h e r  of th e  o th e r  2 
s tre a m s , p a r t i c u l a r ly  a t  h ig h e r  c o n c e n tra tio n s . T his su g g e s ts  some 
in h e re n t  source  of calcium  w ith in  th e  White Laggan catchm ent bu t 
a b s e n t in  th e  o th e r  ca tchm en ts.
T h is  d if f e re n c e  in  w ea th e rin g  r a t e s  i s  a lso  m a n ife s t  in  th e  
catchm ents* v a ry in g  a b i l i t i e s  to  b u f fe r  s tream w ater a c i d i ty .  The 
h ig h e r  w ea th e rin g  r a t e s  of G reen Burn and W hite Laggan w i l l  consume 
more a c id s  in  w ea th e rin g  r e a c t io n s  such as a c id  h y d ro ly s is .  
F u rth erm o re  th e  f a s t e r  r e le a s e  of base c a tio n s  w i l l  a ls o  a l l e v i a t e  
s tream w a te r a c id i ty .
U sing a  c a t io n  t r i a n g le  and d e p ic tin g  th e  stream s in  term s of th e  
p e rc e n ta g e s  o f sodium, p o ta ss iu m , calcium  and magnesium, a s  in  f i g .  
5 :1 4  a  broad  s im i la r i ty  betw een th e  th re e  stream s i s  shown. From work 
u n d e rta k e n  in  th e  S.W of England W alling  and Webb (1981) found t h i s  
c a t io n  com position , and a predom inance of sodium to  be ty p ic a l  of 
sm a ll and u n p o llu te d  s tream s d ra in in g  g r a n i te  a re a s .  The a u th o rs
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FIG 5 :1 4  C a tio n  T riangle D ep ic tin g  W ater  C o m p o sitio n
(After WalNng and W ebb 1901)
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su g g e s t t h a t  ( In  th e  S.W penninsuX a) t h i s  oom posltion  o f d ra in ag e  
w a te rs  d i f f e r s  from t h a t  o r ig in a t in g  from younger sed im en tary  rocks 
which a r e  r ic h  in  ca lc ium  or from th e  metamorphic ro c k s  dom inated by 
magnesium.
The amount o f s tream w ate r m o d if ic a t io n  ach ieved  by d i f f e r e n c e s  in  
th e  w ea th e rin g  r a t e s  w i l l  a l s o  depend on th e  flow  ro u tin g  and 
h y d ro lo g ic a l m o d if ic a t io n  in  th e  catchm ents.
5 :3 :4  JaioLogical»
The b io lo g ic a l  c o n tro l  o f io n ic  c o n c e n tra tio n s  i s  o f two ty p e s . 
The p ro c e sse s  a f f e c t in g  po tassium  which a re  v e g e ta t io n a l  and th e  
p ro c e s se s  a f f e c t in g  n i t r a t e  which a re  v e g e ta t io n a l  and 
m ic r o - b a c te r ia l .
D uring th e  w in te r  months when p la n t  t i s s u e  grow th i s  minimal 
th e re  a r e  h ig h e r  c o n c e n tra t io n s  o f potassium  in  th e  s tream s, W iils t
d u rin g  th e  summer grow ing seaso n  th e re  i s  p la n t  grow th and th e  uptake
o f po tassium , co n seq u en tly  potassium  le v e ls  in  th e  s tream s a re  
d ep ressed  in  th e  summer. L ikens e t  a l  (1967) have a l s o  observed a 
s im i la r  p a t te r n  and c o n tro l  in  th e  Hubbard brook catchm en ts. From th e  
m edian potassium  c o n c e n tra t io n s  i t  would seem t h a t  th e  potassium  
demand o f  th e  c o n i fe r  t r e e s  in  Green Burn (and to  a  l e s s e r  e x te n t 
W hite Laggan) i s  g r e a t e r  th a n  th a t  of th e  moorland h e a th  v e g e ta t io n  of 
D a rg a ll Lane. Comparison o f th e  minimum c o n c e n tra tio n s  su g g e s ts  th a t  
th e  f e r t i l i z e r  a p p l ic a t io n  e le v a te d  th e  o therw ise  *n a tu ra l*  minimum 
c o n c e n tra t io n  o f po tassium  and w ith o u t th e  a p p l ic a t io n  o f t h i s
f e r t i l i z e r  to  th e  f o r e s t s  po tassium  would be a l im i t in g  supp ly  to
f u r th e r  grow th .
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The p a t te r n  of n i t r a t e  le v e l s  in  th e  stream s i s  governed by 
b a c t e r i a l  a c t i v i t y  in  th e  s o i l s  and p la n t  req u irem en t. N i t r a te  i s  
produced in  th e  catchm ent s o i l s  by n it ro g e n  f ix in g  b a c te r ia .  During 
th e  w in te r  months (o u ts id e  th e  grow ing season) t h i s  n i t r a t e  i s  s u rp lu s  
t o  v e g e ta t io n a l  req u ire m en ts . T his n i t r a t e  i s  f lu s h e d  o u t of th e  
s o i l s  du ring  storm  e v e n ts  and may c o n t r ib u te  to  s tream w ater a c id i ty .  
The r a t e  of b a c te r ia l  a c t i v i t y  i s  p o s i t iv e ly  r e la te d  to  s o i l  and a i r  
te m p e ra tu re s  w ith  th e  consequence th a t  as  th e  y e a r  p ro g re s s e s  s o i l  
n i t r a t e  l e v e ls  in c re a s e .  However w ith  th e  o n se t of th e  grow ing season  
t h i s  in c re a se d  c o n c e n tra tio n  of n i t r a t e  in  th e  s o i l s  i s  u t i l i s e d  by 
th e  v e g e ta t io n  w ith  th e  a f f e c t  th a t  stream  c o n c e n tra tio n s  r a p id ly  
d ec re a se  to  a z e ro  c o n c e n tra tio n . At th e  end of th e  grow ing season  
th e re  i s  p la n t  d ie -b a c k  of bracken , h e a th e r  and g ra s s e s  redu c in g  th e  
v e g e ta t io n a l  demand fo r  n i t r a t e .  With con tinued  b a c t e r i a l  p ro d u c tio n  
o f n i t r a t e  and th e  f lu s h in g  o f s o i l s  by w in te r  sto rm s stream  
c o n c e n tra tio n s  once a g a in  r i s e .  A s im i la r  c o n tro l on stream  n i t r a t e  
l e v e l s  has been re p o r te d  by S c o tt  and Scott-Sw ank (1984) f o r  
catchm ents in  th e  Coweeta w a te rsh ed s , U.S.A.
From th e  raw d a ta  used to  c o n s tru c t  f i g  5 :10  i t  i s  p o s s ib le  
t e n ta t i v e ly  to  s p e c u la te  th a t  th e  growing seasons fo r  th e  fo u r y e a rs  
under study  to  have been:
May to  O ctober 1980 
e a r ly  June to  November 1981 
May to  November 1982 
May to  November 1983
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F urtherm ore th e  p ro g re ss io n  of mean and median v a lu e s  f o r  n i t r a t e  
betw een th e  th re e  s tream s in t im a te s  th e  change in  n i t r a t e  demand 
between th e  th re e  catchm ents, Green Burn w ith  a high percen tag e  of 
f o r e s t  having  th e  l a r g e s t  demand. D iffe re n c e s  in  th e  s ta n d a rd  
d e v ia t io n  between th e  s tream s im p lie s  t h i s  l a r g e r  v e g e ta t io n a l  demand 
o f  Green Burn b u f fe r s  th e  s tream  a g a in s t  changes in  c o n c e n tra tio n  
more e f f e c t iv e ly  th an  W hite Laggan and D a rg a ll Lane in  which th e  
v e g e ta t io n a l  demand o f th e  p la n t  com m unities i s  l e s s .
The s ig n if ic a n c e  o f a  d e f ic ie n c y  in  s o i l  n i t r a t e  c o n c e n tra tio n  
d u rin g  th e  growing season  has s u b s ta n t i a l  im p lic a tio n s  fo r  fu tu r e  
y e a rs  in  th e  Green Burn. M ille r  (1984) r e p o r t s  from a s i t e  in  c e n t r a l  
S co tlan d  th a t  where c o n i fe r  t r e e s  a re  d e f ic ie n t  in  n i tro g e n  
th ro u g h fa l l  w i l l  be a c id i f ie d .  In  th e  l i g h t  o f th e se  f in d in g s  i t  i s  
p o s s ib le  to  su g g es t th a t  w ith  f u r th e r  t r e e  growth in  th e  Green Burn
catchm ent and th e  in c re a s in g  im portance of th ro u g h fa l l  a s  an in p u t
mechanism th a t  th e se  in p u ts  w i l l  be a c id i f ie d .
5 :3 :5  F1.0W,
In  th e  absence of in s ta n ta n e o u s  flow  reco rd s  fo r  a l l  th re e  
catchm ents over a s u f f i c i e n t ly  long p e rio d  and th e  use of mean d a i ly  
flow s fo r  th e  W hite Laggan d a ta , some of th e  d e t a i l  in  th e  
r e la t io n s h ip  between d isch a rg e  and io n ic  c o n c e n tra tio n  w i l l  be l o s t .  
However s e c t io n  5 :2  i l l u s t r a t e d  s e v e ra l  io n ic  s p e c ie s  to  be flow
r e la t e d .  Ccmparing th e  r e s u l t s  f o r  th e se  io n s  i s  u s e fu l in  o u tl in in g
th e  h y d ro lo g ic a l d if f e re n c e s  between th e  catchm ents.
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The p e a t dom inated hydrology of th e  D a rg a ll Lane catchm ent g iv e s  
r i s e  to  a  s ig n i f i c a n t  d if f e re n c e  from th e  o th e r  two catchm ents. The 
a f f e c t  o f th e  p e a t bogs i s  to  de lay  ra p id  storm  ru n o f f  en su rin g  m ixing 
o f th e  v a r io u s  component so u rces  o f w a te r . T h is i s  ex p ressed  in  th e  
s tream w ater d ie m is try  by a  su rp re s se d  range o f flow  dependant io n s , 
p a r t i c u l a r ly  e v id e n t in  f ig s  5 :3  and 5 :4 . C o n tra s ted  to  th e  p e a t 
bogs o f D a rg a ll Lane a re  th e  f a s t  e v a c u a tio n  ro u te s  o f th e  f o r e s t  
d r a in s  in  bo th  th e  Green Burn and W hite Laggan catchm ents. These 
f o r e s t  d ra in s  prcxnote storm  ru n o f f  th e  ra p id  e v a c u a tio n  of which in  
tu r n  i s  a m p lif ie d  by th e  d if f e re n c e  of stream w ater d ie m is try  between 
d i l u te  ( ra p id  ru n o f f  dom inated) storm  flow  and th e  more c o n c e n tra te d  
baseflow .
One of th e  s t ro n g e s t  f lo w -c o n c e n tra tio n  r e la t io n s h ip s  was found 
fo r  th e  calcium  and magnesium io n s  which i l l u s t r a t e  th e  d i l u t i o n  of 
th e  calcium  and magnesium r ic h  groundw ater component by th e  more 
d i l u t e  storm  ru n o ff . T his d i l u t io n  e f f e c t  can be im agined u sing  f ig  
5 :5 .  At low flow s th e  c o n c e n tra tio n s  o f calcium  and magnesium w i l l  be 
h ig h , w ith  in c re a s in g  d isc h a rg e  th e  c o n c e n tra tio n s  of th e  io n s  w i l l  
d e c re a se  accord ing  to  th e  r e la t io n s h ip  d e sc rib e d  in  f i g  5 :5 .  The 
d is p e r s io n  o f p o in ts  away from t h i s  r e la t io n s h ip  p a r t i c u l a r ly  a t  h igh  
c o n c e n tra tio n s  in  th e  D a rg a ll Lane su g g e s ts  th e  baseflow  component i s  
n o t chem ica lly  as  homogenous a s  in  th e  o th e r  ca td im en ts . T h is s c a t t e r  
o f p o in ts  r e f l e c t s  d i f f e r e n c e s  in  th e  w ate r q u a l i ty  d ra in in g  th e  
d i f f e r e n t  p e a t bogs of th e  D a rg a ll Lane catcàiment. The W hite Laggan 
and Green Burn stream s a re  fed  by a s in g le  homogenous groundw ater 
component. F u r th e r  s c a t t e r  of th e  p o in ts  w i l l  be caused by th e  
an te c e d e n t c o n d itio n s . A fte r  long  dry s p e l l s  th e re  may be a 
s ig n i f i c a n t  accum ula tion  of dry d e p o s its  which may a ls o  d e v ia te  from
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th e  r e g re s s io n  r e la t io n s h ip .
A c id ity  in  th e  s tream s i s  a ls o  flow  dependant w ith  h ig h e r 
a c i d i t i e s  a s s o c ia te d  w ith  h ig h e r  f lo w s. One in t e r p r e t s  t h i s  as th e  
d i l u t i o n  o f base r ic h  g roundw ater by th e  more a c id ic  s to rm -ru n  o f f  
which i s  d e riv e d  from th e  a c id  r i c h  upper s o i l  h o rizo n s  and h as  n o t 
had tim e  to  p e rc o la te  in t o  th e  d eep e r s o i l  h o rizo n s  to  allow  some a c id  
n e u t r a l i s a t i o n .  Such a f lo w - a c id i ty  r e la t io n s h ip  has been re p o r te d  
f o r  s i t e s  i n  mid-W ales by Newson (1984) and S toner and Gee (1984). I t  
i s  i n t e r e s t i n g  to  s p e c u la te  t h a t  p a r t  of th e  d if f e re n c e s  in  a c id i ty  
betw een th e  catchm ents i s  in  re sp o n se  to  d i f f e r e n t  h y d ro lo g ic a l 
r o u t in g .  The p e a t bogs o f D a rg a ll Lane w ith  slow e v a c u a tio n  of storm  
r u n o f f  m a in ta in s  h ig h e r  a c id i ty  le v e ls  in  th e  stream  over lo n g e r 
p e r io d s  th a n  allow ed by th e  f a s t  e v a c u a tio n  ro u te s  of Green Burn and 
W hite Laggan.
The p o s i t iv e  r e la t io n s h ip  of Potassium  w ith  flow in d ic a te s  th e  
h ig h  m o b ili ty  of t h i s  io n  th rough  th e  catchm ent s o i l s .  S im ila r  
r e l a t i o n s h ip s  fo r  t h i s  io n  have been re p o r te d  by W alling ( I 9 8 I) 
Edwards (1973) and F o s te r  and W alling  (1975).
5 :4  m m m  AND .CDNiZLDJSION.
The f iv e  sy s t« n s  d e sc r ib e d  above in t e r a c t  to  r e g u la te  th e  
s tream w ate r chem istry  and d e te rm in e  th e  v a r ia t io n  both t h r o u ^  tim e 
and betw een th e  th re e  s tream s a t  Loch Dee. The v a r i a t io n  between 
s tream s i s  dependant upon th e  r e l a t i v e  im portance of each system  which 
i n  tu r n  i s  dependant upon th e  c o n s t i tu e n t  *make-up* o f  each 
catchm en t.
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The slow chem ical w ea th e rin g  and r e le a s e  of base c a t io n s  in  th e  
D a rg a ll Lane promote a  s tro n g e r  dependence of w a te r q u a l i ty  on 
a tm ospheric  in p u ts  th an  in  e i t h e r  of th e  o th e r  catchm ents.
F urtherm ore th e  in t e r a c t io n  of th e  p e a t hydrology and slow  r e le a s e  of 
c a t io n s  g iv e  r i s e  to  th e  d e f ic ie n c y  of D a rg a ll Lane to  b u f fe r  
s tream w ater a c id i ty  which i s  bo th  g r e a te r  in  (mean) m agnitude and 
o ccu rren ce  th an  f o r  e i t h e r  o f th e  o th e r  two catchm ents. In  c o n t ra s t  
to  th e  D a rg a ll Lanes* hydrology a re  th e  f a s t  ev ac u a tio n  ro u te s  o f th e  
f o r e s t  d r a in s  in  both Green Burn and W hite Laggan. These f o r e s t  
d r a in s  a re  p robably  re s p o n s ib le  f o r  th e  h ig h e r chem ical d en u d a tio n  
r a t e s  and p rov ide  a g r e a te r  m easure of b u ffe r in g  th a n  in  th e  D a rg a ll 
Lane. In  a d d i t io n  th e  W hite Laggan catchm ent i s  in h e re n t ly  w e ll 
b u ffe re d  a g a in s t  a c id i ty  from an u n id e n t i f i a b le  so u rce . W ithout th e  
a v a i l a b i l i t y  o f b a s e lin e  d a ta  fo r  th e  W hite Laggan catchm ent b e fo re  
th e  i n i t i a t i o n  o f  th e  lim in g  programme i t  i s  im p o ss ib le  to  v e r i f y  
p r e c is e ly  th e  r o le  o f th e  v a r io u s  lim e  a p p l ic a t io n s  in  a l l e v ia t in g  
stream w ater a c id i ty .  However, g iv e n  th e  o v e ra l l  s im i la r i ty  of a l l  
th re e  catchm ents d e sc rib e d  in  c h a p te r  3 i t  i s  l i k e ly  t h a t  th e  lim in g  
has g iv e n  r i s e ,  a t  l e a s t  in  p a r t ,  t o  th e  improved w a te r  q u a l i ty  in  th e  
W hite Laggan.
The g r e a te r  v e g e ta t io n a l  demand f o r  n i t r a t e  and potassium  in  th e  
Green Burn catchm ent p ro v id es  a  g r e a te r  b u f fe r  to  th e  v a r i a t io n  of 
stream  c o n c e n tra tio n s  o f th e se  io n s , a lth o u g h  n i t r a t e  i s  p robab ly  
p ro v id in g  an im p o rtan t c o n tr ib u t io n  to  stream w ater a c id i ty  d u rin g  th e  
w in te r  m onths. Ion  exchange as  a mechanism fo r  s tream w ater 
a c i d i f i c a t i o n  i s  im p o rtan t in  a l l  th re e  catchm ents p a r t i c u la r ly  w ith  
th e  predominance of a tm ospheric  in p u ts  of s e a - s a l t .  The th re e  stream s 
a re  s im i la r  in  term s of c a t io n s  to  th o se  d esc rib e d  by W alling and Webb
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(1981) d ra in in g  from g r a n i t i c  a re a s  in  S.W England.
W h ils t th e  d is c u s s io n  o f th e  average and v a r ia b le  behav iour of 
s tream w ate r chem istry  a t  th e  w eekly s c a le  i s  u s e fu l in  o u t l in in g  th e  
g e n e ra l s e t t i n g  a t  Loch Dee; th e  ranges and s ta n d a rd  d e v ia t io n s  fo r  
in d iv id u a l  io n s  su g g e s ts  t h a t  t h i s  s c a le  of in v e s t ig a t io n  masks th e  
e p is o d ic  n a tu re  o f im p o rta n t hydrochem ical e v e n ts . Subsequent 
c h a p te rs  of t h i s  r e p o r t  in v e s t ig a t e  changes in  hydro logy  eind th e  
in f lu e n c e  t h i s  has on s tream w ater chem istry  over s h o r te r  tim e 
p e r io d s .
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CHAPTER 6 î EPISO D IC ACIDITY IN THE STREAMS 
AT .LOCH DEE,
6:1  INTRODUCTION.
In  stu (jy ing  th e  r o le  (rf* p r e c ip i t a t io n  ch em istry  in  th e  
a c i d i f i c a t i o n  o f w a te r  b o d ie s , one of th e  m ajor problem s i s  
w hether s h o r t  l iv e d  a c id ic  ep iso d es  or lo n g e r  term in c re a se d  
le v e l s  of a c id i ty  a re  more d e tr im e n ta l to  a q u a t ic  ecosystem s. 
R ecen tly  bo th  of th e se  phenomena have been a t t r i b u t e d  to  in c re a se d  
p r e c i p i t a t i o n  a c i d i ty  (W righ t and Gje s s in g  1976, O v erre in  e t  a l 
1981, W right e t  a l  1980 and L ikens e t  a l  1976).
S h o r t l iv e d  e p is o d ic  a c id i ty  in  stream s and la k e s  i s  
f r e q u e n t ly  a s s o c ia te d  w ith  p a r t i c u l a r  storm  e v e n ts ;  such 
* a c id ity -w a v e s ’ o f te n  be ing  c i te d  as th e  cause o f e x te n s iv e  
f i s h - k i l l s .  In  S can d in av ia  th e se  f i s h - k i l l s  a re  e s p e c ia l ly  w e ll 
documented (O v e rre in  e t  a l  1981) and o f te n  r e s u l t  from th e  f i r s t  
s p r in g  snow -m elt which i s  r ic h  in  a c id ic  p o l lu ta n t s  p r e f e r e n t i a l ly  
m elted  o u t of th e  snow pack. E p isod ic  a c id i ty  on t h i s  s c a le  i s  no t 
common in  S.W S c o tla n d  because of th e  e r r a t i c  p a t te r n  of 
sn o w fa ll. N e v e rth e le s s , f i s h - k i l l s  have been re p o r te d  in  th e  a rea  
(R.Newland, J .G ordon p e rs . comm.).
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This ch ap te r  in v e s t ig a te s  th r e e  s p e c i f ic  e p iso d es  of 
sh o r t- te rm  a c id i ty ,  which have n o t been g e n e ra te d  by ac id
d e p o s it io n  in  th e  Loch Dee catchm ents. In  o rd e r to  s t r u c tu r e  th e  
c h a p te r  s e c t io n  6 :2  d e s c r ib e s  th e  th re e  storm s under s p e c i f i c  
in v e s t ig a t io n  and fo r  th e  d u ra tio n  of th e  th i r d  storm  c a lc u la te s  a  
budget fo r  th e  atm ospheric  in p u t and o u tp u t from each o f th e  
th re e  catchm ents. S e c tio n  6 :3  a n a ly se s  a s e r i e s  o f la b o ra to ry  
experim en ts undertak en  on catchm ent s o i l s  in  o rd e r  to  t r y  and 
s im u la te  th e  f i e l d  c o n d itio n s ; and f i n a l l y  s e c t io n s  6 :4  and 6 :5  
d is c u s s  both th e  f i e l d  and la b o ra to ry  d a ta  and t h e i r
im p lic a tio n s .
6 :2  H ie  S torm s,
The f i r s t  s h o r t - l iv e d  a c id i ty  * pulse* occured du rin g  th e
passage of a f r o n ta l  system  a c ro s s  th e  Loch Dee b as in  over th e
p e rio d  15-17 November 1982. P receed ing  th e se  d a te s  p r e c ip i ta t io n  
a c id i ty  and c o n d u c tiv ity  showed v a r i a t io n  r e p re s e n ta t iv e  of th e  
Loch Dee catchm ent (0-70 ^eq H**’ 1~  ^ and c o n d u c tiv ity  5-120 ^ s  
cm"*^). With th e  o n se t o f p r e c ip i t a t io n  on th e  15^^ (<1.0 mm hr”  ^) 
th e  a s s o c ia te d  c o n d u c tiv ity  and a c id i ty  were 5-20  pa  cm”  ^ and 6 
jieq H* 1  ^ r e s p e c t iv e ly  ( f ig  6 : 1) t h i s  con tinued  th rough  th e
succeed ing  p e rio d  o f h ig h e r  in t e n s i ty  p r e c ip i t a t io n  ( 3 *0 - 5 .0  mm
h r   ^ from 18.00 h rs  on th e  15^^ to  O3 .OO h rs  on th e  16^^). As th e  
p r e c i p i t a t io n  r a te s  s lack e n ed , a c id i ty  o c c a s io n a lly  in c re a se d  to  > 
10 ^eq  H 1 and c o n d u c tiv ity  d ra m a tic a lly  in c re a se d  to  >200 jia 
cm”"^  exceeding  th e  upper l i m i t  of th e  re c o rd e r . With th e  passage
of th e  second f r o n t  a t  2 0 . 00h rs  p r e c ip i t a t io n  i n t e n s i t i e s  aga in
in c re a se d  (from  3 .0  to  5 .0  mm h r"^ ) and a decrease  in  c o n d u c tiv ity
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was re c o rd e d . L a te r  chem ical a n a ly s is  o f th e  w eekly bu lk  
p r e c i p i t a t i o n  sample showed a  w eekly p r e c ip i t a t io n  a c id i ty  of 10 
^eq l"^  a sodium c o n c e n tra t io n  o f 424 ]ieq Na^ l “  ^ and a
c h lo r id e  c o n c e n tra tio n  of 575 ^eq Cl" l"^ su g g es tin g  th a t  th e  
e x c e p tio n a l c o n d u c tiv ity  in  th e  p r e c ip i t a t io n  was due to  high 
c o n c e n tra t io n s  of sodium c h lo r id e  presum ably of m arine o r ig in .  
In dependen t c o n firm a tio n  of a h igh  s e a - s a l t  c o n c e n tra tio n  in  th e  
p r e c i p i t a t i o n  was p rov ided  by th e  d a i ly  a n a ly s is  a t  E skdalem uir 80 
km to. th e  e a s t  (I rw in  p e rs . comm)
The ru n o f f  and w ate r q u a l i ty  re c o rd s  fo r  th e  W hite Laggan 
Burn d u rin g  th e  same p e r io d  showed an a lm ost in s ta n ta n e o u s  
resp o n se  to  p r e c ip i ta t io n  in p u ts  ( f i g  6 :2 ) .  The f i r s t  hydrograph 
a t  01 .00  h rs  on th e  16^^ i s  a s s o c ia te d  w ith  a marked in c re a s e  in  
stream  a c id i ty  and a more m odest r e d u c t io n  in  c o n d u c t iv i ty .  
A c id ity  in  th e  stream  in c re a se d  from a p re -s to rm  le v e l  of 2 jieq 
l" ^  t o  10 peq l"^  over a p e rio d  o f 5 ho u rs . The second storm  
hydrograph on th e  1?^^ w h ils t  s im i la r  in  m agnitude, has a  q u i te  
d i f f e r e n t  p r o f i l e  in  term s of w a te r q u a l i ty .  As storm  d isc h a rg e  
in c re a s e d  to  a peak of 4 .6  m  ^ s"^ c o n d u c tiv ity  a ls o  in c re a se d  to  
90 jis  c m " \  a le v e l  g r e a te r  th a n  tw ice th e  mean background. 
S im u ltan eo u sly  a c id i ty  in c re a s e d  from  3 Jieq H**" l"^  to  25 ^eq H’*' 
l"^  and rem ained a t  th a t  le v e l  f o r  20 hours only  showing a s l i g h t  
reco v e ry  on th e  f a l l i n g  lim b o f th e  hydrograph.
The second a c id i ty  p u lse  o ccu rred  over th e  p e rio d  21-23 March
1983 . On t h i s  o ccasio n  th e  p r e c i p i t a t i o n  a c id i ty  reco rd  i s  m iss ing
s tdue to  in s tru m e n t m a lfu n c tio n . On March 21 from midday onwards, 
p r e c i p i t a t i o n  c o n d u c tiv ity  exceeded 200 ^ s  cm"^. D uring t h i s  
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th e r e  I s  no reco rd ed  p r e c i p i t a t i o n  I s  e x p la in e d  by an o c c u l t  type 
d e p o s i t io n  ( c f .  R u tte r  1975, D olland e t  a l  1983). This 
c o n d u c tiv ity  le v e l  c o n tin u ed  even w ith  th e  o n se t of heavy 
p r e c i p i t a t i o n  of I n t e n s i t i e s  5 .0 -7 .0  mm hr*"  ^ ( f ig  6 :3 )  u n t i l  th e  
end o f th e  s to rm . In  re sp o n se  to  t h i s  p r e c i p i t a t i o n  In p u t th e  
d is c h a rg e  on W hite Laggan ro se  to  a  peak o f 3 .6  m s~ . 
C o n d u c tiv ity  in  th e  bu rn  ro s e  to  a le v e l  >100 cm"’  ^ ( th e  c h a r t
maximum) where i t  rem a in s  f o r  9 hours b e fo re  d e c re a s in g  d u rin g  th e  
r e c e s s io n a l  flow  ( f i g  6 :4 ) .  D uring th e  same p e rio d  stream  a c id i ty  
i n  th e  burn  in c re a se d  from  a  p re -s to rm  le v e l  of 3 ^ eq  l"^  to  20 
^eq 1  ^ and rem ained  a t  an a c id i ty  o f >10 peq l"^  fo r  24
h o u rs . Again th e  w eekly bu lk  p r e c ip i t a t io n  sample showed a high 
c o n d u c t iv ity  (89 ^ s .c m "^ ) an  a c id i ty  of 4 ^eq 1~^ and a  sodium 
c o n c e n tra t io n  o f 496 ^ e q . 1~^ compared to  th e  weekly bulk  
p r e c i p i t a t i o n  mean of 109 ^ e q . Na^ l ”  ^ ( t a b l e  5 :1 ) .
The th i r d  and f i n a l  s to rm  in v e s t ig a te d  h e re  o ccu rred  during  
27-29 November 1984. With th e  o n se t o f p r e c i p i t a t io n  a t  01.00 
h o u rs  ( f i g  6 :5 ) c o n d u c t iv ity  was i n i t i a l l y  h igh  (up to  200 y s  
cm~^) a lth o u g h  t h i s  d e c re a se d  w ith  th e  s la c k e n in g  p r e c ip i t a t io n  
r a t e  ( a t  02.00 h o u r s . ) .  As p r e c ip i t a t io n  r a te s  ag a in  in c re a se d  
w ith  th e  passage of th e  storm  c o n d u c tiv ity  s im i la r ly  ro se  ag a in  to  
a le v e l  in  ex ce ss  o f 200 y s  cm”  ^ which on ly  s ig n i f i c a n t l y  f e l l  
tcw ards th e  end of th e  sto rm  and a d ec re a s in g  p r e c i p i t a t i o n  r a te .  
P r e c ip i t a t io n  a c i d i ty  s t e a d i ly  in c re a se d  du rin g  th e  i n i t i a l  p a r t  
o f th e  sto rm  a f t e r  w hich i t  f e l l  to  a  le v e l  <5 ^eq l " ^ .
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W ith w a te r  q u a l i ty  m o n ito rs  i n s t a l l e d  and o p e ra t iv e  on a l l  
th re e  s tre a m s ,  f ig  6 :6  show th e  a lm ost im m ediate response  and 
consequences on th e  s tream w ater of t h i s  p a r t i c u la r  storm . 
Com parison of th e  th re e  stream s* re sp o n se  to  th e  storm  i s  o f some 
i n t e r e s t .  In  term s o f d isc h a rg e  th e  stream s had r e l a t i v e ly  
s im i la r  hydrographs* , a lth o u g h  W hite Laggan showed a more c le a r ly  
d e f in e d  double peak in  ccm parison  to  th e  o th e r two s tream s. In  
a l l  th r e e  s tream s discdiarge ro se  to  a  peak w ith in  12 hours of th e  
o n se t of th e  storm  and a  r e c e s s io n  lim b extended  over some 36 
h o u rs . In  term s of w ater q u a l i ty  th e  stream s showed a d i f f e r e n t  
re sp o n se s  in  th e  form of th e  a c id i ty  and c o n d u c tiv ity  t r a c e s .
OIn  th e  D a rg a ll Lane, d is c h a rg e  ro se  to  a  peak o f 2 .5  m s"  
w h i ls t  over th e  same p e r io d  c o n d u c t iv ity  peaked a t  94 jis  cm"^ and 
a c id i ty  a t  40 ^ eq  l " ^ . With th e  o n se t of th e  re c e s s io n a l  flow ,
a c id i ty  d e c re a se d , a lthough  a t  a slow r a t e  m a in ta in in g  stream w ater
a c id i ty  a t  a le v e l  of 15-20 ^ eq  H’*' l"^  fo r  a p e rio d  in  ex cess  of 
36 h o u rs . In  c o n t ra s t  to  t h i s  i s  th e  Green Burn in  which th e  
d is c h a rg e  reached  a peak of 3 .54  m^s"^ to g e th e r  w ith  a peak in  
c o n d u c t iv ity  of 95 ^ s  cm"^. Lagged beh ind  t h i s  by 1 hour was th e  
peak i n  a c id i ty  (50 jieq 1  ^) .  W h ils t t h i s  le v e l  of a c id i ty  was 
g r e a t e r  th a n  th e  a c id i ty  in  th e  D a rg a ll Lane, i t  d e c lin e d  more 
r a p id ly  th a n  was seen  in  th e  D a rg a ll Lane, although  th e  stream
s t i l l  took  a c o n s id e ra b le  tim e to  r e tu r n  to  p re -s to rm
c o n c e n tra t io n s .
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In  th e  W hite Laggan c o n d u c tiv ity  peaked a t  88 us an“  ^ a long  
w ith  peak d isch a rg e  (6 .11  m ^s"^). Both th e  m agnitude (16 ^eq  
l"^  maximum) and d u ra tio n  of s tream w ater a c id i ty  was much an a l l e r  
and s h o r te r  th a n  fo r  e i t h e r  of th e  o th e r  s tream s. However th e  
g e n e ra l p a t te r n  in  term s of a c id i ty  and c o n d u c tiv ity  was b road ly  
s im i la r .
In  o rd e r  to  g a in  an in d i c a t io n  of th e  f lu x  in  H"*" betw een th e  
p r e c i p i t a t i o n  in p u t and s tream w ater o u tp u t in  th e  th re e  catchm ents 
an approx im ate  mass b a lan ce  was a p p lie d  to  th e  d a ta  fo r  th e  
November 1984 sto rm . In  c a lc u la t in g  a m ass-balance budget from 
th e  d a ta  s e v e ra l  s im p lify in g  assu m p tio n s  have been made:
1. The p r e c ip i t a t io n  in p u t (a s  m easured in  th e  W hite Laggan
catchm ent) i s  both q u a n t i t a t iv e l y  and q u a l i t a t iv e l y  s im i la r  
o v er th e  whole of th e  Loch Dee b a s in .
i i .  The catchm ent a rea  d e f in e s  bo th  th e  a re a  of in p u t and of 
o u tp u t.
i i i .  For storm  in p u t th e  whole p r e c i p i t a t i o n  even t re p re s e n ts  
th e  t o t a l  in p u t. W hilst i n  (c a lcu la tin g  th e  storm  o u tp u t
a hydrograph s e p a ra t io n  tech n iq u e  ( a f t e r  Boorman and Reed 1981)
h as  been used. This method u t i l i s e s  stream  d a ta  from th e  le v e l  
of i n i t i a l  d isch a rg e  to  th e  tim e of peak ru n o ff  p lu s  4x th e  
la g ;  w here th e  la g  i s  th e  tim e from peak p r e c ip i t a t io n  
to  th e  tim e of peak d is c h a rg e .
i v .  T here i s  no é v a p o tra n s p ira t io n  du rin g  th e  even t.
Using th e se  assum ptions and th e  con tinuous d a ta  from th e  
ca tchm en ts  th e  fo llow ing  c a lc u la t io n s  w ere undertaken  fo r  27-29 
November 1984.
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T o ta l H* = (H'*’ X 10^ ((P  X 10"3)x(A x 10^)x 10^)) , . ( 6 : 1 )  
In p u t p e r  hour 
(jieq l “ b
T o ta l H* o u tp u t from each = (H"*" x 10^ (Q x 3600)) . . ( 6 : 2 )
catchm ent per hour (yeq l"^  )
Where H”** = Hydrogen Io n  C o n c e n tra tio n  (^eq H'*' l" ^ )
P = P r e c ip i ta t io n  R ate  (mm h r"^ )
2A = Area (km )
Q = D ischarge (m^s"^)
The t o t a l  storm  in p u t and ou pu t of H  ^ was th e n  c a lc u la te d  by 
summing th e  hourly  v a lu e s  o b ta in e d  from (6 :1 )  and ( 6 :2 ) .  The 
r e s u l t s  o f th e se  mass ba lan ce  budgets  a re  g iv en  in  ta b le  6 :1 .
P r e c ip i ta t io n  T o ta l Stream  U nit Area O utput (*)
In p u t (jieq H'*’) O utput (^eq H"*') (^eq H"*" )
D a rg a ll  Lane 6 .15  x 10® 3 .6 9  x 10^ 1.8  x 10®
W hite Laggan 16.60 x 10® 3.21 x 10^ 0 ,6  x 10®
Green Burn 7 .32  x 10® 6 .6 0  x 10^ 2 .6  x 10®
•  U n it Area P r e c ip i ta t io n  In p u t = 2 .9  x 10® (yieq H'*’)
TABLE 6:1  Hydrogen Ion  In p u t and O utput fo r  th e  th re e  
Catchments D uring 27-28 November 1984.
T ab le 6 :1  i l l u s t r a t e s  t h a t  co n s id e rin g  th e  storm  in  i s o l a t i o n  
th e re  i s  a s ig n i f i c a n t  n e t  o u tp u t of H**" from th e  catchm en ts. In
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G reen Burn and D a rg a ll  Lane th e  d if f e re n c e s  between In p u ts  and 
o u tp u ts  a re  alm ost an o rd e r  of m agnitude. For W hite Laggan th e  
lo s s  i s  no t as  la rg e  ( t h i s  i s  f u r th e r  d iscu ssed  in  s e c t io n  6 :4 ) .  
However t h i s  mass b a lance  does f u r th e r  su p p o rt th e  s u g g e s tio n  of 
s tream w ater a c i d i f i c a t i o n  o c c u rr in g  w ith in  th e  catchm ent fo llo w in g  
p r e c i p i t a t i o n  in p u ts  w ith  h ig h  c o n c e n tra tio n s  of s e a - s a l t s .
The most s a t i s f a c to r y  e x p la n a tio n  of th e  p ro c e sse s  w hich le ad  
to  such s h o r t - l iv e d  a c i d i ty  p u ls e s  appea rs  to  be one in v o lv in g  th e  
exchange of sodium io n s  d e r iv e d  from th e  p r e c i p i t a t i o n  w ith  
hydrogen io n s  in  th e  catchm ent s o i l s .  This p ro c e ss  has a lre a d y  
been in d ic a te d  bo th  in  th e  l i t e r a t u r e  (c h a p te r  2) and in  c h a p te r  5 
a lth o u g h  t h i s  s e c t io n  h as  em phasised th e  s ig n if ic a n c e  o f such a 
p ro c e ss  in  a f f e c t in g  s tream w ate r chem istry  over storm  p e r io d s . To 
a t t a i n  a  b e t t e r  u n d e rs ta n d in g  of th e  changes in  s tream w ater 
ch em istry  fo llo w in g  p r e c i p i t a t i o n  in p u ts  s im i la r  to  th o se  
d e sc r ib e d  f o r  th e  s to rm s , a s e r i e s  of e x p lo ra to ry  la b o ra to ry  
ex perim en ts  have been c a r r i e d  o u t.
6 :3 :1  Laboratory , S im u la tio n.
The f i e l d  d a ta  p re se n te d  above have in d ic a te d  t h a t  an 
ion -exchange mechanism may p ro v id e  a p la u sa b le  e x p la n a tio n  fo r  th e  
p ro d u c tio n  of s h o r t- te rm  e p is o d ic  a c id i ty .  Follow ing th e  second 
ep iso d e  of stream  a c i d i f i c a t i o n  d esc rib e d  above a s e r i e s  of 
s o i l - l e a c h in g  exp erim en ts  w ere conducted. The aim o f conducting  
th e se  le a c h in g  ex p erim en ts  was to  ex p lo re  th e  v a r i a t i o n  in  w ater 
ch em istry  fo llo w in g  a  v a r ie ty  o f s im u la ted  p r e c i p i t a t io n  in p u ts ,  
and more im p o rta n tly  to  v e r i f y  th e  changes in  w a te r  ch em istry  
a s s o c ia te d  w ith  p r e c i p i t a t i o n  in p u ts  h e a v ily  lad en  w ith  s e a - s a l t .
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s im i la r  to  th o se  d esc rib e d  i n  s e c t io n  6 :2 .
The s o i l s  used in  th e  experim ents w ere c o l le c te d  from th e  
W hite Laggan catchm ent (NGR NX 467 776, p o in t S on f ig  3 :4 ) ,  and 
a re  b e s t d e sc rib e d  as  pea ty  podzols belong ing  th e  D a lb e a tt ie  
S e r ie s .  The s o i l  was c o l le c te d  by d ig g in g  and removing a  s o i l  
s e c t io n  w ith  a  s u rfa c e  a re a  m easuring 0 .5  x 0.5m. The s e c t io n  was 
dug from th e  v e g e ta t io n  su rfa c e  down to  th e  w eathered  bedrock (C 
h o r iz o n ) ,  a depth  of some 0.4m. The s o i l  m ono lith  was c a r e fu l ly  
removed, p laced  in  a p l a s t i c  sample bag in  a box and tra n s p o r te d  
back to  th e  R iv e r Board L a b o ra to r ie s , where i t  was s to re d  in  th e  
la b o ra to ry  r e f r i g e r a to r  o v e rn ig h t. The fo llo w in g  m o rn in g ,th re e  
in d iv id u a l  s o i l  m ono lith s were ranoved from th e  s o i l  s e c t io n  and 
p laced  in t o  th re e  g la s s  le a c h in g  columns (m easuring 31mm x 150mm), 
w ith  g r e a t  e f f o r t  being ta k en  to  p re se rv e  th e  s o i l  in  i t s  n a tu ra l  
s t a t e  ( p a r t i c u la r l y  s o i l  s t r u c t u r e ) .  To do t h i s  th e  s o i l  
m ono lith s  were cu t from th e  top  of th e  s o i l  s e c t io n  downwards 
u sin g  a sh a rp  edge a t  a d iam ete r f r a c t io n a l ly  l e s s  th a n  th a t  of 
th e  le a c h in g  columns. The s o i l  m ono lith  was th e n  l e f t  in  p lace  
ly in g  h o r iz o n ta l ly  on th e  bench -top  and th e  g la s s  le a c h in g  tube
pushed up around th e  s o i l .  T his had to  be re p e a te d  on s e v e ra l
s o i l  c u ts  b e fo re  th e  au th o r was s a t i s f i e d  th a t  d is tu rb a n c e  had 
in  f a c t  been kep t a t  a minimum.
The le a c h in g  columns w ere th e n  mounted v e r t i c a l l y  in  r e t o r t  
s ta n d s  and each a ss ig n ed  a l e t t e r  A, B, C. With th e  e x ce p tio n  of
experim ent 4 each column was t r e a te d  in  an id e n t ic a l  manner by
'd rip p in g *  a  v a r ie ty  of p r e c ip i t a t io n  in p u ts  on to  th e  columns 
from a ponded supply  above th e  le a c h in g  columns. As f a r  as 
p o s s ib le  th e  * d rip -ra te *  o f a p p l ic a t io n  was kep t c o n s ta n t between
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40-45 ml h r " ^ . The p r e c i p i t a t io n  in p u ts  to  th e  s o i l s  were 
a l iq u o ts  d e r iv e d  from ex ce ss  r o u t in e  sam ples in  th e  la b o ra to ry , 
c o l le c te d  by SRPB p e rso n n e l, d i lu te d  to  resem ble a c tu a l 
p r e c i p i t a t io n  in p u ts  a t  Loch Dee. Samples of th e  s o i l  w ater 
e f f lu e n t  w ere removed from beneath  th e  le a c h in g  columns every 40 
m inu tes when 25 ml o f e f f lu e n t  had been c o l le c te d .  10 ml of the  
e f f lu e n t  was used to  d e term ine  pH, c o n d u c t iv ity ,  calcium  and 
m agnesiun; 10 ml of th e  e f f lu e n t  fo r  sodium and potassium  and 5 ml 
fo r  c h lo r id e ,  s u lp h a te  and n i t r a t e .  S l ig h t ly  f lu c tu a t in g  r a t e s  of 
le a c h in g  frcxn th e  s o i l s  has r e s u l t e d  in  some s l i g h t l y  an a l l e r  
sample volumes which th e n  have no t been an a ly sed  fo r  a l l  6 
p a ram e te rs .
The m ethods of a n a ly s is  employed f o r  bo th  in p u ts  and s o i l  
w a te r e f f l u e n t s  a r e  th e  same as d e sc rib e d  in  s e c t io n  4 :2 :2  (w ith  
th e  a n io n s  being  determ ined  by io n  chrom atography). In  o rd e r  to  
m inim ise a c c e p tin g  * fa lse *  d a ta  through co n tam in a tio n  of th e  sm all 
sample b o t t l e s ,  each experim en t was run  in  t r i p l i c a t e .  Each 
experim ent was run  in  p a r a l l e l  on th e  th re e  columns u n t i l  7-8 
sam ples o f th e  e f f lu e n t  had been c o l le c te d  by which tim e any 
s ig n i f i c a n t  s h o r t- te rm  change in  th e  s o i l - w a te r  shou ld  have 
o ccu rred . Only one ex p erim en ta l run was p o s s ib le  p e r  day although  
where p o s s ib le  experim en ts  w ere run  on co n secu tiv e  days to  
m inim ise th e  e f f e c t s  of s o i l  d e te r io r a t io n  and m ic ro b io lo g ic a l 
a c t i v i t y .
In  th e  f i r s t  of th e  fo u r experim en ts d e sc rib e d  h e re  a 
d i s t i l l e d  w a te r  in p u t  was used on th e  co lunns p r im a r ily  to  a t t a i n  
a  common s t a r t i n g  re fe re n c e  f o r  subsequen t experim en ts and a ls o  to  
re v e a l  any in h e re n t  d if f e r e n c e s  in  th e  s o i l .  In  th e  second
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experim en t a  p r e c i p i t a t io n  in p u t of d i l u t e  aea -w ate r com position  
was used ; experim en t 3 employed an in p u t c lo s e r  to  th a t  of a more 
a c id ic  in p u t a t  Loch Dee. F in a l ly  experim ent 4 used a v a r ie ty  of 
s e a - s a l t  c o n c e n tra tio n s  a c ro s s  th e  th re e  columns.
The r e s u l t s  o f th e se  exp erim en ts  a re  p re sen te d  g ra p h ic a lly  in  
f ig s  6 :7  to  6:10 and d e sc r ib e d  in  tu rn  in  th e  subsequen t
s u b - s e c t io n s  p r io r  to  a  more d e ta i le d  d is c u s s io n  of th e  b roader 
im p lic a t io n s  and mechanisms in  s e c t io n  6 :4 . In  each o f th e  
f ig u r e s  th e  r e s u l t s  fo r  column A a re  re p re se n te d  by a f u l l  l i n e ,  
column B by a dashed l i n e  and column C by sm a lle r  dashed l i n e .
The c o n c e n tra t io n  of each io n  in  th e  in p u t s o lu t io n  i s  g iv e n  on 
th e  f ig u r e s  in  p a re n th e se s . A ll f ig u r e s  a re  in  m ic ro e q u iv a le n ts  
( c o n d u c t iv ity  in  ra ic ro siem en s).
6 :3 :2  E xperim ent 1.
The in p u t s o lu t io n  fo r  t h i s  experim ent was n o t analysed  
( a p a r t  from  pH and c o n d u c t iv i ty ) ,  a lth o u g h  by d e f in i t i o n  d i s t i l l e d  
w a te r , can be co n sid e red  to  have a z e ro  c o n c e n tra tio n  of io n ic  
c o n s t i tu e n t s .  The e f f e c t  of th e  d i s t i l l e d  w ate r in p u t on th e  s o i l  
was q u ic k ly  to  le a c h  th e  m ajor io n s .  The c o n d u c tiv ity  tr a c e  ( fo r  
a l l  3 columns) in  f ig  6 :7 a  a ls o  i l l u s t r a t e s  th e  r a p id i ty  w ith  
which f lu s h in g  and le a c h in g  o f th e  m ajor io n s  o ccu rred . F ig  6 :7 a  
a ls o  i n d i c a te s  th e  removal of s o i l  a c id i ty  by f lu sh in g  u n t i l  th e  
s o i l  w a te r  e f f lu e n t  approx im ates to  th e  a c id i ty  o f th e  in p u t 
s o lu t io n .  The potassium  tr a c e  in d ic a te s  both  th e  ease  w ith  which 
i t  can be le ach ed  from th e  s o i l s  and th e  low c o n c e n tra tio n s  of 
t h i s  io n  in  th e  s o i l .  F ig  6 :7 b  shows s im i la r  t re n d s  ( i e .
d i lu t io n )  fo r  calcium , magnesium, su lp h a te  and c h lo r id e .  The
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FIG 6:7a Experiment 1; Variation in Soil Water Effluent With An Input Of Distilled Water
















FIG 6:7 b Experiment 1: Variation In Soil Water Effluents With An Input Of Distilled Water
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i n i t i a l  low c o n c e n tra tio n s  of calcium  and magnesium and th e  
f l a t n e s s  of th e  cu rves in d i c a te  th e  r e l a t i v e  d e fic ien cy , o f th e se  
io n s  in  th e  s o i l s .  N i t r a te  l e v e ls  rem ain low th roughou t th e  
experim ent w ith  th e  e x c e p tio n  o f sample 6 A in  which th e  high 
c o n c e n tra tio n  i s  probab ly  th e  r e s u l t  o f g ro ss  co n tam in a tio n .
This experim ent shows some s i m i l a r i t i e s  w ith  some of th e  
f i e l d  d a ta  from s e c t io n  6 :2  and p a r t i c u la r ly  th e  f i r s t  storm  
d u rin g  th e  November 1982 e v e n t, a p o in t  f u r th e r  d isc u sse d  in  
s e c t io n  6 :4 . The experim ent a ls o  in d ic a te d  no s ig n i f i c a n t  
d if f e re n c e s  in  th e  in h e re n t p r o p e r t ie s  of th e  3 s o i l  columns.
6:3:3 Experiment 2.
In  th e  second experim ent an in p u t to  th e  s o i l s  s im i la r  to  th e  
p r e c i p i t a t io n  in p u t ex p erien ced  d u ring  th e  storm s was d e s i r a b le .  
T his was done by ta k in g  a sam ple o f th e  Solway F i r th  w ater and 
d i lu t in g  i t  u s ing  d i s t i l l e d  w a te r  u n t i l  th e  f i n a l  in p u t s o lu t io n  
had a  c o n d u c tiv ity  o f ap p rox im ate ly  200 j i s  cm*"^  and an a c id i ty  of 
2-4  jieq H^l  ^ F ig  6 :8  i l l u s t r a t e s  th e  e f f e c t  on s o i l  w a te r 
chem istry  fo llo w in g  such an  in p u t ,  th e  r e s u l t s  a re  most 
i n t e r e s t i n g .  Potassium  c o n c e n tra tio n s  in  th e  f i r s t  sam ples a re  
r e l a t i v e l y  c o n s ta n t (a lth o u g h  e le v a te d  in  com parison to  experim ent 
1) a t  8-12 ^eq K^l"^ a le v e l  which i s  approx im ate ly  h a l f  of th e  
in p u t s o lu t io n .  T his su g g e s ts  th e re  i s  s tro n g  potassium  
a d so rb tio n  on to  th e  humus and c lay  c o l lo id s  in  th e  s o i l .  As th e  
a d s o rb tio n  s i t e s  become s a tu r a te d  more and more potassium  p asses  
th rough  th e  s o i l  column and th e  e f f lu e n t  c o n c e n tra tio n  in c re a s e s  
tow ards th e  in p u t c o n c e n tra tio n  of po tassium . Sodium 
c o n c e n tra tio n s  in  th e  sam ples show an im m ediate in c re a s e  a lthough
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a g a in  th e re  i s  some sodium a d s o rb tio n  o r r e te n t io n  by th e  s o i l s .
Over th e  p e rio d  o f th e  sam ples sodium shows a 3 fo ld  in c re a s e  in
c o n c e n tra tio n . A s im i la r  p ro g re s s io n  i s  i l l u s t r a t e d  by th e
c o n d u c tiv ity  t r a c e  of th e  sam ples, most o f t h i s  in c re a s e  being
p ro b ab ly  acc o u n tab le  fo r  by th e  in c re a s e  in  th e  e f f lu e n ts *  sodium
and c h lo r id e  c o n c e n tra tio n s .  The c o n d u c tiv ity  t r a c e s  a re  f u r th e r
made in t e r e s t in g  by th e  f a c t  th e  maximum recorded  c o n d u c tiv ity  in
th e  e f f lu e n ts  (260 ^ s  an”*^) i s  c o n s id e ra b ly  h ig h e r th a n  th e  in p u t
(200 ^8  cm” ^ ) . Tied in  w ith  t h i s  and of g r e a te s t  i n t e r e s t  in
term s of th e  experim ent i s  th e  d if f e re n c e  in  a c id i ty  betw een th e
in p u t s o lu t io n  (Bpeq H'*'i ”  ^) and th a t  of th e  s o i l  e f f lu e n t  (50-120
peq H ^l"^) .  This in c re a s e  in  a c id i ty  o ccu rs  very  r a p id ly .  I f  one
com pares th e  a c id i ty  from p re -ex p erim en t 2 ( i e .  sam ple 8 ,
experim en t 1) o f  10 peq H^l"^ to  an a c id i ty  in  ex ce ss  of 75 peq 
+  -1H I  in  experim ent 2 ,  sam ple 1. T his ra p id  and m assive  in c re a s e  
i s  m ost s a t i s f a c t o r i l y  e x p la in e d  in  term s of an ion-exchange 
mechanism in  which th e  sodium (and p robab ly  to  a l e s s e r  degree  th e  
po tassium ) io n s  from th e  p r e c i p i t a t i o n  in p u t a re  exchanged f o r  H* 
io n s  h e ld  on th e  s o i l  and c lay  c o l lo id s .  This exchange a lso  
e x p la in s  th e  s o i l  w ater c o n d u c tiv ity  in  ex cess  of th e  in p u t 
c o n d u c tiv ity  as th e  io n  w i l l  c o n t r ib u te  p ro p o r t io n a lly  more to  
th e  so lu tio n s*  c o n d u c tiv ity  th a n  th e  sodium io n . C o n cen tra tio n s  
o f  calcium  shown in  f i g  6 :8b  show some in c re a s e  through th e  
sam ples a lthough  th e  g e n e ra l tre n d  i s  a s t a b i l i t y  of c o n c e n tra tio n  
i n  e q u ilib r iu m  w ith  th e  in p u t s o lu t io n .  C o n tra s tin g  w ith  t h i s  i s  
th e  d if fe re n c e  between magnesium c o n c e n tra tio n  in  th e  in p u t and of 
th e  e f f lu e n t .  Magnesium a f t e r  showing an i n i t i a l  in c re a s e  
s t a b i l i s e s  a t  a c o n c e n tra tio n  of app rox im ate ly  150 peq  Mg^^l""^ in  
th e  sam ples compared to  an in p u t of 250 peq Mg^’*^ !*" .^ This 
s u g g e s ts  th e  s o i l s  have a  h ig h  ad so b tio n  cap a c ity  fo r  m agnesiua,
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th e  r e te n t io n  o f which re p re s e n ts  an in c re a s e  in  th e  base 
s a tu r a t io n  of th e  s o i l s .
C hlo ride  c o n c e n tra t io n s  in  th e  experim ent show a l im ite d  
in c re a s e  over th e  f i r s t  two sam ples a f t e r  which th ey  they 
s t a b i l i s e  a t  a  c o n c e n tra t io n  c lo se  to  th a t  of th e  in p u t s o lu t io n ,  
in d ic a t iv e  of th e  c o n s e rv a tiv e  n a tu re  of th e  c h lo r id e  io n . The 
i n i t i a l l y  h igh  l e v e l s  o f n i t r a t e  in  experim ent 2 r e s u l t  from th e  
m ic ro b io lo g ic a l a c t i v i t y  in  th e  s o i l s ,  having been l e f t  o v e rn ig h t 
between experim en ts  1 and 2 . N itr a te  c o n c e n tra tio n s  in  th e  
e f f lu e n t  r e f l e c t  th e  ease  w ith  which n i t r a t e  i s  f lu s h e d  from th e  
s o i l s  w ith o u t being  re p la c e d , p lay in g  a m inor r o le  in  the  
s o i l - w a te r  ch em istry  a f t e r  t h i s  f lu s h in g .  S u lp h a te  in  a  s im i la r  
manner to  c h lo r id e , shows a  slow in c re a s e  in  c o n c e n tra t io n  w ith  
tim e to  reach  a c o n c e n tra t io n  c lo se  to  th e  in p u t c o n c e n tra tio n , 
in d ic a t iv e  of th e  i o n 's  h igh  m o b ili ty .
In  broad g e n e ra l term s experim ent 2 shows an in c re a s e  in  
c o n c e n tra tio n  of most of th e  m ajor io n s . The magnesium t r a c e  a lso  
shows th a t  some s o i l  a d s o rb tio n  has tak en  p la c e ; w h i ls t  sodium 
c h lo r id e  in  th e  in p u t p r in c ip a l ly  a c t iv a te s  an exchange o f sodiun 
and h e ld  on s o i l  c o l lo id s  and th e  humus complex, th e  r e s u l t  
being  a  s ig n i f i c a n t  in c re a s e  in  s o i l  w ater a c i d i ty .  The 
c o n d u c tiv ity  and a c id i ty  t r a c e s  a ls o  show s i m i l a r i t i e s  to  the  
s i t u a t i o n  an a ly sed  in  th e  f i e l d  s i t u a t io n  d esc rib e d  in  s e c t io n  
6 :2 .
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6:3:4 Experiment 3.
The o b je c t of experim ent 3 was to  s im u la te  an a c id ic
p r e c i p i t a t i o n  in p u t com parable to  such e v e n ts  a t  Loch Dee.
However, in  o rd e r  to  ach ieve a c o n t ro l le d  a c id ic  in p u t  a  d i l u te
4. m1sam ple composed of b rack ish  w a te r was a c id i f i e d  to  50 peq H 1 
u s in g  s u lp h u r ic  a c id ,  th u s  avo id in g  any n i t r i c  a c id  in p u t .  The 
r e s u l t s  o f th e  experim en t a re  shown in  f i g  6 :9 .
The g e n e ra l p a t te r n  fo r  th e  b ehav iou r of a l l  th e  io n s  i s  one
of d i l u t i o n  in  which th e  io n s  a re  le ach ed  from th e  s o i l  to  a le v e l
which i s  eq u a l to  t h a t  of th e  in p u t s o lu t io n .  In  t h i s  s i t u a t i o n  
th e  io n s  r e ta in e d  in  th e  s o i l  a re  " s t r ip p e d - o f f "  from th e  
* s e a - s a l t '  in p u t th e reb y  a c id ify in g  th e  s o i l .  There i s  l i t t l e  
e l s e  one can e x t r a p o la te  from t h i s  ex p erim en t, a lth o u g h  i t  i s  
i n t e r e s t i n g  to  su g g es t th a t  t h i s  experim en t may re p re s e n t  a 
s i t u a t i o n  s im i la r  to  th a t  a t  th e  beg inn ing  of th e  f i r s t  storm  on 
15-16 November 1982 d e sc r ib e d  in  s e c t io n  6 :2 .
6 :3 :5  £xper.lmgJii. .4.
T his experim ent was designed  to  see  i f  one could  i d e n t i f y  th e  
p o in t a t  which th e  s e a - s a l t  c o n c e n tra tio n  in  th e  in p u t a t  Loch Dee 
was s u f f i c i e n t  to  i n i t i a t e  stream w ater a c i d i f i c a t io n .  To do th i s  
3 s t r e n g th s  of in p u t s o lu t io n  were made up and one a p p lie d  to  each 
o f th e  columns A, B, C. In p u t to  column A c o n s is te d  of a s o lu t io n  
30% th e  s tr e n g th  of th e  s o lu t io n  used in  experim ent 2 ,  column B 
40% and column C 70% . The r e s u l t s  shown in  f i g  6 :1 0  c l e a r ly
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d e te rm in ed  by th e  co m p o sitio n  o f th e  In p u t s o lu t io n .  In  a l l  3 
columns th e  s o i l  w a te r I s  a c i d i f i e d ,  a lthough  one may argue th a t  
sam ples 6 to  8 beg in  to  show some d if fe re n c in g  between th e  columns 
( l e .  A and 6 show a  s l i g h t  r e d u c t io n  w h ils t  colixnn C m a in ta in s  a 
h ig h  a c i d i t y ) . R eference  to  th e  3 c o n d u c tiv ity  t r a c e s  
d em o n stra te s  t h a t  w h i ls t  C I s  s im i la r  to  th a t  of experim en t 2 ,  A 
and B show a g ra d u a l d e c l in e  to  l e v e ls  s im i la r  to  t h e i r  In p u t. 
T h is  may be due to  an I n i t i a l  h igh  c o n d u c tiv ity  fo llo w in g  th e  
exchange of sodium f o r  In  th e  catchm ent s o i l s  r a i s i n g  th e
c o n d u c t iv ity ;  however as  tim e  p ro g re s se s  th e  exchange c e a se s  or 
r e v e r t s  th e reb y  lo w erin g  bo th  c o n d u c tiv ity  and a c i d i ty .  This 
c o n c lu s io n  along  w ith  th e  t e n t a t i v e  d if f e re n c e s  In  a c id i ty  shown 
I n  f i g  6:10 a re  somewhat s p e c u la t iv e  and would r e q u i r e  more 
ex p erim en ts  to  e s ta b l i s h  such p ro g re s s io n s .
As a lre ad y  s t a t e d  co lunn  C m a in ta in s  a h igh  a c id i ty ,  and 
a f t e r  an I n i t i a l  In c re a s e  a h ig h  c o n d u c tiv ity  which s t a b i l i s e s  a t  
a  le v e l  In  ex cess  of th e  In p u t.  T h is I s  caused by a change In  th e  
r e l a t i v e  p ro p o r tio n s  o f Io n s  ( i e .  l e s s  Na^ and b u t more H^) 
c o n t r ib u t in g  to  th e  c o n d u c t iv ity  o f th e  s o i l  w ater e f f lu e n t .
Sodium c o n c e n tra t io n s  In  th e  e f f lu e n ts  I n d ic a te  a n e t 
a d s o rb t io n  in  th e  s o i l s  f o r  a l l  3 columns. W hilst t h i s  a d s o rb tio n  
r a t e  I s  c o n s ta n t fo r  columns* A and b. I t  a p p a re n tly  d e c re a se s  
w ith  tim e in  column C. Comparison of th e  3 columns potassium  
e f f lu e n t s  In  f i g  6 :10  a re  m ost I n te r e s t in g .  In  column A th e re  I s  
a  n e t  lo s s  of po tassium  from th e  s o i l s .  In  column B o u tp u t 
ap p ro x im a te ly  e q u a ls  In p u t w h i ls t  In  C th e  columns show a  n e t 
r e t e n t io n .  One may t e n t a t i v e l y  su g g es t th a t  th e  experim en ts  
b rid g e  th e  potassium  th re s h o ld  f o r  th e se  s o i l s .  In  column A th e
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in p u t c o n c e n tra tio n  was i n s u f f i c i e n t  to  re p le n is h  th e  potassium  
l o s t  from th e  s o i l  by le a c h in g . In  column B however th e  
c o n c e n tra tio n  o f po tassium  adsorbed  by th e  s o i l  approx im ate ly  
e q u a lle d  th a t  l o s t  th rough le a c h in g  by th e  p e rc o la tin g  w a te r; and 
i n  C th e  c o n c e n tra tio n  o f K* p e rm itte d  a n e t  a d s o rb tio n  by th e  
s o i l s  in  ex cess  of t h a t  l o s t  th rough le a c h in g .
For column C th e re  i s  a  n e t r e t e n t io n  o f calcium  w h ils t  
columns A and B show c o n c e n tra tio n s  more s im i la r  to  th o se  of t h e i r  
in p u ts  ( f ig  6 :1 0 b ). Although t h i s  r e la t io n s h ip  i s  by no means 
c l e a r  th e re  i s  a s u g g e s tio n  th a t  th e  h igh  a c id i ty  i s  a s s o c ia te d  
w ith  a  h igh  calcium  le v e l .  The d if fe re n c e  between th e  in p u t 
magnesium c o n c e n tra tio n s  and s o i l  w a te r e f f lu e n t  in d ic a te  th e re  i s  
s tro n g  a d s o rb tio n  of magnesium by th e  s o i l s  in  column C, In  
columns A and B however th e re  i s  an i n i t i a l  d e c re a se  in  
c o n c e n tra tio n  presum ably caused by f lu s h in g  and e x h a u s tio n  a f t e r  
which th e  c o n c e n tra tio n s  s t a b i l i s e  a t  c o n c e n tra tio n s  equal to  
t h e i r  in p u t  s o lu t io n .  S u lp h a te  in  th e  sam ples shows l i t t l e  
v a r i a t io n  and e f f lu e n t  c o n c e n tra tio n s  a re  of th e  same o rd e r as th e  
in p u t s o lu t io n  in d ic a t iv e  of s u lp h a te s  h igh  m o b ility  th rough th e  
s o i l s .  C hloride i s  somewhat s im i la r  to  su lp h a te  a lthough  i t  does 
show some ap p aren t random and sp u r io u s  f lu c tu a t io n s .  T erv e t 
(p e r s .  comm) h as  su g g es ted  th e se  may in  f a c t  be a r e s u l t  of 
equipm ent e r r o r  on th e  io n  chrom atograph. The 'average*  
c o n c e n tra tio n s  o f each tr a c e  however does r e f l e c t  th e  
c o n c e n tra tio n  of th e  in p u t s o lu t io n .
These r e s u l t s  a long  w ith  th e  f i e l d  d a ta  w i l l  now be d isc u sse d  
i n  g r e a te r  d e t a i l .
-» 1 8 6  —
6 i U  DISCUSSION.
S e c t io n  6 :2  and 6 :3  have p re se n te d  both f i e l d  ev idence and 
la b o ra to ry  d a ta  which i l l u s t r a t e  t h a t  some of th e  s h o r t - l iv e d  
a c id ic  e p iso d e s  w itn e sse d  in  th e  s tream s a t  Loch Dee a re  the  
r e s u l t  o f an ion-exchange mechanism. In  d e t a i l  th e  fo llo w in g  
sequence of ev e n ts  i s  p roposed .
A sso c ia te d  w ith  a l l  th re e  s to rm s d esc rib e d  above was th e  
occurence of cy c lo n ic  a c t i v i t y  o f f  th e  A tla n t ic  Ocean coupled w ith  
s tro n g  w inds (a s  shown on th e  d a i ly  w eather summary c h a r ts  
s u p p lie d  by th e  M eteo ro lo g ica l O ff ic e , E d inburgh). This r e s u l t e d  
i n  th e  a tm o sp h eric  e n t r a i nment of la r g e  amounts of sodium c h lo rid e  
i n  th e  form o f s e a -s p ra y . These hyg ro sco p ic  n u c le i u l t im a te ly  
reach ed  th e  lan d  in  th e  form of a s u b s ta n t i a l  se a - s a l t  component 
i n  r a i n  or snow. The peaty  p o d so lise d  catchm ent s o i l s  have a high 
c a t io n  exchange c a p a c ity . Bown (1973) g iv e s  a t o t a l  c a t io n  
exchange va lue  of 109 me/IOOg fo r  a  p e a t s o i l  s i t e  in  th e  
n e ig h b o u rin g  Loch Doon catchm ent and d e s c r ib e s  th e  p e a t a s  having 
"h igh  exchangeab le b ases  in  th e  to p  13 cm " , Bown (1973) p .296. 
Thus th e  p e rc o la t io n  o f sodium c h lo r id e  e n ric h ed  w a te rs  r e s u l t s  in  
th e  exchange o f Na^ fo r  on th e  humus and p e a t c o l lo id
s u r f a c e s .
The la b o ra to ry  d a ta  su g g e s t th a t  th e  e f f e c t  o f t h i s  p ro cess  
on s tream w ater chem istry  w i l l  be a r a p id  in c re a s e  in  s tream w ater 
a c i d i ty  which w i l l  be a s s o c ia te d  w ith  more e le v a te d  c o n c e n tra tio n s  
o f  o th e r  m ajor io n s  th a n  would be o th e rw ise  seen  in  a more ty p ic a l  
s to rm . P a r t i c u la r ly  one o b serv es  an in c re a s e  in  th e  base c a t io n s
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(magnesium and calcium ) which in  a  more ty p ic a l  sto rm  one would 
e x p e c t to  be r a p id ly  d i l u te d .  Experim ent 4 has shown th a t  w h ils t  
s tream w a te r a c i d i f i c a t i o n  o ccu rs  w ith  a  range o f in p u t
c o n c e n tra t io n s  of s e a - s a l t ;  w ith  a s e a - s a l t  in p u t and in p u t 
c o n d u c t iv i t i e s  o f <150 yis.om"^ some d i l u t i o n  may o ccu r. The 
in c r e a s e  in  s tream w ater a c id i ty  w ith  s e a - s a l t  d e p o s it io n  g iv e s  
r i s e  to  an in c re a s e  in  base  s a tu r a t io n  of th e  s o i l s  th rough  th e  
p ro c e s s  o f io n  a d s o rb tio n . T h is  co n c lu s io n  i s  su p p o rted  by th e
m ass b a lan ce  c a lc u la t io n  in  which th e re  i s  a n e t  e x p o r t  of
hydrogen  io n  a c id i ty  from th e  catchm ent.
The catchm ents show a  s i g n i f i c a n t  d if fe re n c e  in  t h e i r  e x p o rt 
o f  o v e r th e  storm  p e r io d . The l a r g e s t  ex p o rt i s  from Green 
Burn and th e  s m a l le s t  from th e  W hite Laggan catchm ent. One
p o s s ib le  cause of th e  d if f e re n c e  betw een th e  Green Burn o u tp u t and 
th e  D a rg a ll  Lane o u tp u t i s  th e  h ig h e r  a tm ospheric  scaveng ing  
e f f ic ie n c y  of th e  t r e e s  in  th e  Green Burn ccmpared to  th e  moorland 
h e a th  of D a rg a ll Lane. The sm a lle r  o u tp u t from W hite Laggan i s  
r a t h e r  d i f f i c u l t  to  e x p la in  g iv e n  t h a t  th e  s o i l s  used in  th e  
ex p e rim en ts  in  s e c t io n  6 :3  w ere from th e  W hite Laggan cjatchment. 
However, one may s p e c u la te  t h a t  th e  d if fe re n c e  a r i s e s  e i t h e r  
because  o f a  n a tu ra l  in h e re n t  b u f fe r in g  system  in  th e  catchm ent or 
a s  a r e s u l t  of th e  lim in g  programme. With t h i s  r e s p e c t  i t  would 
be m ost i n t e r e s t in g  to  r e p e a t  th e  experim en ts  on s o i l s  from th e  
d i f f e r e n t  s o i l  a s s o c ia t io n s  ( s e e  f i g  3 :3 ) from d i f f e r e n t  p a r ts  of 
a l l  3 ca tchm en ts .
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The r a p id i ty  w ith  which th e  change o ccu rs  in  stream w ater 
c h em is try  in d ic a te s  t h a t  c a t io n  exchange i s  l i k e ly  to  occur in  th e  
u pper h o r iz o n s  o f th e  s o i l  p r o f i l e  (humus r ic h )  in  resp o n se  to  
s a tu r a t e d  o v e rlan d  flow  or r e tu r n  flow  (Dunne and Leopold 1978). 
The h ig h  c o n d u c tiv ity  le v e l s  seen  in  th e  s tream s, tw ice  t h a t  of 
background c o n c e n tra tio n s , a re  a fu n c tio n  of th e  e le v a te d  
a tm o sp h eric  in p u ts  of th e  m ajor io n s . However th e re  i s  a change 
i n  th e  r e l a t i v e  p ro p o r t io n  o f th e  io n s  c o n tr ib u tin g  to  
c o n d u c t iv ity  w ith  th e  exchange of Na^ fo r  H^  causin g  a 
p ro p o r t io n a l  in c re a s e  in  th e  s tream w ater c o n d u c tiv ity .
Both th e  ro u t in e ly  c o l le c te d  weekly sp o t sam ples and th e  
la b o ra to ry  d a ta  in d i c a te  t h a t  fo llo w in g  a s e a - s a l t  in p u t th e  
sodium r e ta in e d  in  th e  catchm ent s o i l s  i s  le ach ed  and f lu sh e d  in to  
th e  s tream s over th e  su b seq u en t tim e p e r io d . The la b o ra to ry  
ex p erim en ts  a ls o  show th e re  i s  sodium in  excess  of t h a t  re q u ire d  
by th e  c a t io n  exchange p ro c e ss  p rov ided  by p r e c i p i t a t io n  in p u ts .
In  c o n t ra s t  to  th e  s e a - s a l t  sto rm s i s  th e  f i r s t  storm  shown 
i n  f i g  6 ;2  i n  which w ith  an in c re a s e  in  stream  d isc h a rg e  th e re  i s  
a d i l u t i o n  o f th e  m ajor io n s ,  ( i l l u s t r a t e d  by th e  f a l l  in  
c o n d u c tiv ity )  accompanied by an in c re a s e  in  s tream w ater a c id i ty .  
The d i l u t i o n  of io n s  i s  r e p re s e n te d  in  experim ent 1. However, a 
b e t t e r  s im u la tio n  o f t h i s  s i t u a t i o n  i s  a com bination  of 
ex p erim en ts  1 and 3. In  th e  f i e l d  s i t u a t io n  i t  i s  u n l ik e ly  th a t  
th e  a c i d i ty  would be d i lu te d  as  in  experim ent 3; a s  p r io r  to  any 
sto rm  ( r e g a r d le s s  o f th e  tim in g  o f a  p roceeding  storm ) th e re  i s  
some lo s s  of stream w ater a c id i ty  w ith  th e  growing c o n t r ib u t io n  of 
d e lay ed  flow  and groundw ater o f n e g l ig ib le  a c id i ty .
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O ther w orkers (eg  . Edwards 1973, W alling 1974 and F o s te r  and 
W alling  1978) have re p o r te d  an i n i t i a l  r i s e  in  th e  d is so lv e d  load  
(and  th e re f o r e  th e  c o n d u c t iv i ty  o f s tream w ater) w ith  th e  o n se t of 
a sto rm  fo llo w in g  a d ry  p e r io d  caused by th e  f lu s h in g  of 
accum ulated  io n s  from th e  s o i l .  F o s te r  and W alling  (1978) 
i l l u s t r a t e  t h i s  e f f e c t  to  produce a 3-4 fo ld  in c re a s e  in  s e v e ra l 
io n s  in  th e  autum nal f lu s h  fo llo w in g  th e  extrem e drought 
c o n d i t io n s  o f 1975/1976 i n  S .B r i ta in .  The storm s d e sc r ib e d  here  
produce stream w ater c o n d u c t iv i t ie s  g r e a te r  th a n  tw ice  mean 
background le v e l s  and may cause  p ro p o r t io n a l ly  g r e a te r  changes in  
io n ic  c o n c e n tra tio n s  th a n  th o se  re p o r te d  by th e  ix 'ocess of 
f lu s h in g .
In  th e  d is c u s s io n  to  t h i s  work i t  has been im p l ic i t ly  
su g g e s te d  th a t  th e re  a re  2 ty p e s  of storm  p r o f i l e  which need to  be 
d is t in g u is h e d .
Type I ; i n  which th e re  i s  an  in c re a s e  in  s tream w ater a c id i ty  and a 
d i l u t i o n  of th e  o th e r  m ajor io n s . T his s i t u a t io n  i s  th e  c l a s s i c a l  
d i l u t i o n  e f f e c t  which i s  w e ll  documented in  th e  l i t e r a t u r e .  Such 
d i l u t i o n  may be p reoeeded  by a  f lu s h in g  of accum ulated s o lu te s  
from th e  catchm ent s o i l s .  In  term s of a c id i ty ,  s tream w ater shows 
a r a p id  decrease  fo llo w in g  th e  c e s s a tio n  of th e  p r e c ip i t a t io n  
in p u t .
■Type I I ; an in c re a s e  in  b o th  stream w ater a c id i ty  and c o n d u c tiv ity , 
th e  d e t a i l s  o f which have been in v e s t ig a te d  h e re . R ather th a n  
d i l u t i o n  th e re  i s  an in c re a s e  in  œ n c e n tr a t io n  o f th e  
a tm o sp h e r ic a lly  d e riv e d  s e a - s a l t s  through th e  storm . The f i e l d  
d a ta  in d ic a te  th a t  th e  a c id i ty  of th e  stream w ater does n o t 
d e c re a se  as r a p id ly  as in  th e  type I  s i t u a t io n  fo llo w in g  th e
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c e s s a t io n  o f p r e c i p i t a t i o n  bu t i s  m a in ta in ed  as c a t io n  exchange 
w ith in  th e  s o i l s  c o n tin u e s  t o  o p e ra te . This second type  o f storm , 
w h ils t  more r a r e ,  may occur 3-4 tim es a y e a r  ( s e e  f i g  5 :7 )  to  
d i f f e r i n g  d eg ree s  and c o n t r ib u te  s ig n i f i c a n t l y  to  s tream w ater 
a c i d i ty .
6 :5
O ther w orkers have in v e s t ig a te d  th e  r o le  of s e a - s a l t s  in  
d i f f e r e n t  s i t u a t io n s ;  n o ta b ly  S k a r tv e i t  (1981) who i d e n t i f i e s  th e  
same p ro c e ss  as  th e  cause of s h o r t  term  e p iso d ic  a c id i ty  fo r  a 
rem ote catchm ent on th e  w es te rn  c o a s t of Norway, and W iklander 
(1975) who s u g g e s ts  t h a t  th e  in p u t of n e u tra l  s a l t s  such as th o se  
in v e s t ig a te d  h e re  w i l l  reduce th e  a c i d i f i c a t i o n  of s o i l s  by ac id  
p r e c i p i t a t i o n .  N e v e rth e le s s , th e  in v e s t ig a t io n  u n d ertak en  here  
has p ro v id ed  th e  f i r s t  d e ta i le d  accoun t of th e  r o le  of s e a - s a l t s  
i n  a f f e c t in g  stream w ater chem istry  in  B r i ta in .  F urtherm ore th e  
i n v e s t ig a t io n  p ro v id es  a f u l l  s y n th e s is  frcxn a  p r e c i p i t a t i o n  in p u t 
to  s tream w ater o u tp u t and p ro v id es  some i n i t i a l  q u a n t i f i c a t io n  of 
th e  io n ic  c o n c e n tra t io n s  and budgets  ( f o r  d i f f e r in g  la n d  uses) 
in v o lv ed  in  th e  p ro c e ss .
Such a s y n th e s is  h as  only  been p o s s ib le  through th e  use of a 
co n tin u o u s  m o n ito rin g  netw ork m easuring both p r e c i p i t a t io n  and 
s tream w ater q u a n t i ty  and q u a l i t y .  As W alling (1975) p o in t s  ou t 
such co n tin u o u s m o n ito rin g  overcomes th e  problem o f in te n s iv e  
sam pling  in  which a  l e s s  f re q u e n t sam pling s t r a te g y  may em it to  
d e te c t  th e  type of v a r i a t i o n  d e sc rib e d  h e re .
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CHAPTER ■7.:_KQDELLING STREAMWATER ACIDITY IN THE THREE CATCHMENTS
AT--Lflgfi. DEE,
7:1  .INTRODUCTION.
In  th e  s tu d y  o f w a te r  re so u rc e s  th e  a b i l i t y  to  model w ater 
q u a l i ty  i s  d e s i r a b le  from two a s p e c ts :
a) To im prove our u n d e rs ta n d in g  o f  th e  p ro cesse s  and 
dynamics w ith in  catchm ent system s.
b) To p r e d ic t  or f o r e c a s t  w ith  th e  view to  managing a 
b a s ic  re s o u rc e .
M odelling may h e lp  to  im prove our u n d ers tan d in g  o f a system  by 
id e n t i f y in g  r e l a t io n s h ip s  between d i f f e r e n t  components in  the  
system  under s tu d y . In  id e n t i f y in g  such r e la t io n s h ip s  th e re  a re  
two g e n e ra tio n s  o f model ty p e s .
F i r s t l y ,  th e re  a re  s t a t i c  models in  which r e la t io n s h ip s  ' a t  a 
p o in t ' a r e  co n s id e re d . Two exam ples o f t h i s  s t a t i c  type model a re  
p rov ided  by th e  s tudy  of DeWalle e t  a l  (1984) and N icho lson  e t  a l 
(1 9 8 4 ). DeWalle developed  a  g e o lo g ic a l model which used th e  
amount o f  Mauch chunk fo rm a tio n  as  a p r e d ic to r  v a r ia b le  in  
e s t im a tin g  upland  stream  s e n s i t i v i t y  to  a c i d i f i c a t i o n  in  th e  
L au re l H i l l  r e g io n , P en n sy lv an ia . The study of N icho lson  e t  a l 
p roposes a  s e r i e s  o f r e g re s s io n  models which c h a ra c te r i s e  th e  mean
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w eigh ted  c o n c e n tra t io n s  o f s e le c te d  io n s  in  th ro u g h fa l l  a s  a 
fu n c tio n  o f canopy co v er. These r e g re s s io n - ty p e  m odels d e sc r ib e d  
above on ly  acco u n t f o r  a  s im u ltan eo u s response  between th e  
v a r ia b le s .  As W alling  (1974) im p lie s  such u n iv a r ia te  w ater
q u a l i ty  m odels a re  in a d e q u a te ; th e  p o te n t ia l  r o le  o f system
dynamics v ia  h y s te r e s i s  needs e x p lo ra tio n . These models do no t 
co n s id e r  th e  dynamics o f  th e  system  and th e re fo re  rem ain u s e fu l 
only  w h i ls t  th e  system  i s  in  a s tead y  s t a t e .
In  o rd e r  to  s tu d y  system  dynamics i t  may be n ece ssa ry  to  move 
from a p h y s ic a l ly -b a s e d  approach which i d e n t i f i e s  th e  d i f f e r e n t ly  
c o n tr ib u t in g  p ro c e s se s  in  a r e la t io n s h ip  to  a  more s t a t i s t i c a l  
approach i n  w hich r e la t io n s h ip s  a re  e s ta b l is h e d  between m easurab le  
p a ra m e te rs . Amorocho and H art (1964) d is c u s s  a t  le n g th  th e  
u t i l i t y  o f th e  system  s y n th e s is  approach in  hydro logy . S im ila r ly  
such an approach  i s  u s e fu l in  hydrochem istry  where th e  environm ent 
i s  c o n s ta n t ly  chang ing . To model th e se  s i tu a t io n s  th e re  i s  a need
fo r  m odels to  in c o rp o ra te  a sy s te m 's  dynam ics.
C onsider th e  p ro c e s se s  i n  an upland  catchm ent which 
i n t e r r e l a t e  to  d e term ine  th e  hydrochem istry  o f th e  e f f lu e n t  stream  
d u rin g  a  s to rm . When th e  catchm ent re c e iv e s  an in p u t s tim u lu s , 
(eg . r a in )  i t  w i l l  respond  acco rd in g  to  th e  in te r n a l  s t r u c tu r e  of 
th e  catchm ent hydrochem ical p ro c e sse s . This i n t e r n a l  s t r u c tu r e  
which g o verns th e  in p u t-o u tp u t r e la t io n s h ip  f i l t e r s  th e  in p u t 
s ig n a l  i n t o  an o u tp u t re sp o n se .
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To u n d ers tan d  th e se  system s and p ro c e sse s  b e t t e r ,  one o f two 
app ro ach es may be ado p ted . These two approaches a re  shown in  
f i g  7 :1 .  The d e c is io n  a s  to  which m odelling  p rocedu re  shou ld  be 
used w i l l  be determ ined  by;
a) The o b je c t iv e  o f th e  a n a ly s is .
b) How much i s  known about th e  system  and p ro cess  under 
in v e s t ig a t io n .
c) A v a ila b le  d a ta .
Where m ode lling  i s  u n d ertak en  w ith  a  p r io r  knowledge o f th e  
p ro c e s s e s  and t h e i r  th e o r e t i c a l  behav iour a p a r t i a l  system  
s y n th e s is  approach (Amorocho and H art 1964) w i l l  p rov id e  th e  
a p p ro p r ia te  m odelling  approach . T h is i s  shown on th e  r i g h t  hand 
s id e  o f  f i g  7:1* The use o f such models i s  common in  th e  
hydrochem ical l i t e r a t u r e  ( C h ris to p h e rse n  e t  a l 1982, Lam and 
Babba 1984, Galloway e t  a l  1980). A c l a s s i c  example in  th e  use of 
th e se  m odels i s  p rov ided  by th e  N orth American ILWAS study  
( I n te g r a te d  Lake-W atershed A c id i f ic a t io n  S tu d y ). T his model 
s im u la te s  th e  p h y s ic a l and chem ical tra n s fo rm a tio n s  o c c u rrin g  in  
w a te rsh ed s  and la k e s ,  as  induced  by a c id -d e p o s i t io n  and in t e r n a l  
a c id  g e n e ra t io n  (Chen e t  a l  1982). Such models ten d  to  be h ig h ly  
complex u s in g  p h y s ic a l ,  chem ical and b io lo g ic a l  th e o r ie s  to  d e r iv e  
p a r t i a l  d i f f e r e n t i a l  e q u a tio n s  to  d e sc r ib e  th e  system  under 
in v e s t ig a t io n .  These models can be u se fu l in  e x p la n a tio n  and 
p r e d ic t io n  bu t lo s e  t h e i r  a b i l i t y  to  p r e d ic t  a c c u ra te ly  when 
system  s y n th e s is  i s  incom ple te  o r when some o f th e  m odelling  
assu m p tio n s  a re  n o t met (s e e  C h ris to p h e rse n  e t  a l  1982). This 
ty p e  o f  model w i l l  a lso  be in a p p ro p r ia te  i f  th e re  i s  i n s u f f i c i e n t
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FIGURE 7:1 Two possible approaches to modelling 
(Source Whitehead et al., 1984)
d a ta  to  d b a ra c te r ls e  th e  r e le v a n t  p ro c e s se s  in  th e  m odel.
An a l t e r n a t iv e  approach  to  t h i s  system  s y n th e s is  i s  th e  use 
o f system  a n a ly s is  (Amorocho and H art 1964), In  a system  a n a ly s is  
approach th e  system  p ro c e s se s  a re  re p la c e d  by m athem atical 
f u n c t io n s  which do n o t a tte m p t to  r e p re s e n t  th e  t ru e  w orking of 
th e  sy stem . Where a system  i s  ex ceed in g ly  ccwiplex o r w here th e re  
i s  an in a d eq u a te  knowledge o f th e  p ro c e sse s  go v ern in g  th e  
in p u t-o u tp u t  r e l a t io n s h ip ,  t h i s  system  a n a ly s is  w i l l  p ro v id e  a 
more a p p ro p r ia te  m odelling  te c h n iq u e , (shown on th e  l e f t  hand s id e  
o f f i g  7 :1 ) .  This b lack -b o x  approach o f f e r s  r e l a t i v e l y  s im p le  but 
ro b u s t m odels which may p ro v id e  an i n i t i a l  u n d e rs ta n d in g  o f  a 
system . They a re  p a r t i c u l a r l y  u se fu l where in p u t-o u tp u t  
r e l a t io n s h ip s  a re  of p rim ary  concern . T his type o f model h as  been 
s u c c e s s fu l ly  a p p lie d  to  a  v a r ie ty  o f env ironm enta l s tu d ie s  eg. 
L ai (1979) and B en n e tt (1 9 7 6 ). The developm ent of such m odels may 
in  tu r n  g iv e  an i n s ig h t  to  th e  p ro c e sse s  to  which a system  
s y n th e s is  approach may be f i t t e d .
The o b je c t o f th e  m o d e llin g  in v e s t ig a t io n  d e sc r ib e d  i n  t h i s  
c h a p te r  i s  to  model s tream w ate r a c id i ty  over storm  p e r io d s  i n  each 
o f th e  catchm ents. The model r e l i e s  on th e  f lo w -a c id i ty  
r e l a t io n s h ip  d iscu ssed  i n  c h a p te r  5 .  Subsequent s e c t io n s  o f t h i s  
c h a p te r  d e sc r ib e  th e  m ath em atica l th e o ry  o f one p a r t i c u l a r  
b lack -b o x  m odel, th e  s te p s  in v o lv ed  in  th e  b u ild in g  o f  t h i s  model 
and how th e  use of a  com puter package has been u t i l i s e d  to  develop  
and t e s t  th e  models.
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7 :2  MATHEMATICAL THEORY.
In  th i s  in v e s t ig a t io n  both  th e  s e r i e s  in p u t and o u tp u t of th e  
system  i s  known, what rem ains i s  to  id e n t i f y  and e s t im a te  th e  
t r a n s f e r  fu n c tio n ; where th e  system  (catchm en t) r e c e iv e s  an in p u t 
s tim u lu s  (d isc h a rg e )  and resp o n d s to  th e  in p u t acc o rd in g  to  th e  
in t e r n a l  s t r u c tu r e  (hydrochem ical p ro c e sse s )  o f th e  system  which 
de te rm in es  th e  system  o u tp u t ( a c i d i ty ,  ex p ressed  a s  hydrogen io n  
c o n c e n tra tio n , H ^). T his f lo w -a c id i ty  r e l a t i o n ,  re p re s e n te d  by a 
t r a n s f e r  fu n c tio n  has no p h y s ic a l r e a l i s a t i o n ,  i t  i s  a 
m athem atical approx im ation  w hich w i l l  behave in  th e  same way as 
th e  system  behaves over th e  same tim e in c rem en ts  as  t h a t  of th e  
d a ta .
F ig u re  7 :2  i l l u s t r a t e s  th e  v a r io u s  components o f th e  t r a n s f e r  
fu n c tio n  m odel. T his s in g le  in p u t s in g le  o u tp u t model c o n s is ts  of 
two p a r ts  a p ro cess  model and a n o ise  m odel. The observed  in p u t 
(u^) causes most o f th e  o u tp u t v a r i a t io n  (y ^ ) ,  however 
superim posed on t h i s  p ro c e ss  model i s  a s to c h a s t ic  in p u t  (a^ ) 
which a r i s e s  frcxn random d is tu rb a n c e s  to  th e  system . These 
d is tu rb a n c e s  a re  accoun ted  f o r  by u n c e r t a i n t i t i e s  in  th e  
measurement (se e  B en n e tt 1979, W hitehead and Beck 1984). PH 
m easurem ents as  d isc u sse d  i n  e a r l i e r  c h a p te rs  a re  p a r t i c u l a r l y  
v u ln e ra b le  to  such * unknown e r r o r s ,*
Frcxn f ig  7 :2  i t  can be seen  th a t  th e  observed o u tp u t a t  tim e 
t  (y^) i s  g iv e n  by th e  sum o f th e  d e te rm in is t ic  (x^) and
s to c h a s t ic  (n^) o u tp u ts , i e .











In this way, the variable (acidity) is assumed to depend on
past values of acidity, as well as present and past observed input 
data, while n^ is generated in a similar manner but from a 
hypothetical white noise input, a^.
FIGURE 7:2 Representation of a general transfer function with 
superimposed noise model.
(Adapted after Venn & Day, 1977)
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i s  assumed to  be g e n e ra te d  by an a u to re g re s s iv e  moving 
average (ARMA) d i s c r e t e  tim e model (Box and Je n k in s  1970) In  such 
m odels th e  moving average term  d e s c r ib e s  th e  c o n tr ib u t io n  o f each 
lag g ed  in p u t term  ( u . ,  u. u. _) to  th e  o u tp u t. The
a u to re g re s s iv e  term s r e p re s e n t  th e  memory and a s s o c ia t io n  w ith in
th e  sequence o f o u tp u t (y^) d a ta .  The model ta k es  th e  form:
, — 1 _ 1Az x^= Bz Uj.
Where z”  ^ i s  a backward s h i f t  o p e ra to r  zT^x^ = x^ ^
W hile Az"^ = 1 + az^~^ + + . . . . . . .  a^z"^
and Bz”  ^ = b» + b.z~^ +     b z " ^ .0 1 n
The n o ise  term  a t  tim e t ,  n^ i s  a l s o  g en e ra ted  by a s im i la r  
ARMA model of th e  form :
Cz  ^ = Dz”  ^ a^
Where
—1 — 1 » nCz = 1 + c^z + ..................... + c^z
and Dz”  ^ = 1 + d^z"^ + ......................+ d^z"^
Where a^ i s  a s e r i a l l y  u n c o r re la te d  sequence o f random 
v a r ia b le s .  T his w h ite  n o ise  component i s  unknown and h as  to  be 
e s tim a te d  from th e  d a ta .
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The f u l l  t r a n s f e r  fu n c tio n  can th e n  be w r i t t e n  as  :
= [ B ( z ~ h /  A (z"1)]u^  + [ D C z ' l ) /  C (z"1 )]a^
T his e q u a tio n  p ro v id es  a b a s ic  model s t r u c tu r e  govern ing  th e  
in p u t-o u tp u t of th e  system .
7 : 3  KQPJEL. B m P lN f i .
In  t im e - s e r ie s  a n a ly s is  Box and Jen k in s  (1970) su g g e s t th a t  
th e  problem of model b u ild in g  can be se p a ra te d  in t o  fo u r main 
s ta g e s  :
i .  Data v a l id a t io n .
i i .  I d e n t i f i c a t io n  o f model s t r u c tu r e .
i i i .  E s tim a tio n  of model p a ram eters , 
iv .  Model v e r i f i c a t io n .
Use of th e se  fo u r s ta g e s  p ro v id es  a  conven ien t and p r a c t ic a l  
s te p -b y - s te p  approach to  th e  p ro b lan .
The i n i t i a l  s ta g e  of m odelling  i s  to  s e t  ou t th e  o b je c tiv e s  
one hopes to  ach ieve  w ith  th e  model. Once t h i s  i s  ach ieved  'd a ta  
v a l id a t io n ' d e sc r ib e s  th e  p ro cess  of checking th e  d a ta  c o l le c te d  
to  en su re  i t  m eets th e  n ecessa ry  req u irem en ts  of m odelling . The 
d a ta  s e t  must be of a  s u f f i c i e n t  le n g th  to  c h a ra c te r i s e  th e
main f e a tu r e s  o r p ro c e sse s  to  be m odelled . Futherm ore th e  in p u t 
and o u tp u t d a ta  fo r  th e  model must be in  a con tinuous form , in  th e  
sense  th a t  sam ples a re  r e g u la r ly  spaced through tim e. T im e -se rie s  
a n a ly s is  w i l l  n o t work w ith  d i s c o n t in u i t i e s  in  th e  d a ta . In  th e
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case  o f  m iss in g  d a ta  th e  f u l l  d a ta  s e t  may be tru n c a te d  to  avo id  
b reak s o r 'a p p ro p r ia te *  v a lu e (s )  may be in s e r te d  f o r  m iss ing  
d a ta .
The q u a l i ty  c o n tro l checks o f c h a p te r  4 :3 :4  d e sc r ib e d  th e  
methods o f  d a ta  v a l id a t io n  used w ith  th e  con tinuous d a ta  used in  
t h i s  s tu d y . Having en su red  th e  d a ta  i s  com patib le w ith  m od e llin g , 
as  d e s c r ib e d  th e  n ex t s te p  i n  m o d e l-b u ll ding i s  to  id e n t i f y  th e  
number o f model p a ram eters  and any a p p ro p r ia te  la g s  between in p u t 
and o u tp u t .  In  id e n t i f y in g  such a  model s t r u c tu r e  one should  
fo llo w  th e  assum ption  o f parsim ony u s in g  a s  few param eters  as 
p o s s ib le  to  c h a r a c te r i s e  th e  d a ta .
The f i n a l  s ta g e  in  m o d e l-b u ild in g  i s  th e  a s s ig n in g  o f
a p p ro p r ia te  v a lu es  to  th e  p a ram ete rs  o f th e  model. Assuming th e  
c o r r e c t  model s t r u c tu r e  h as  been id e n t i f i e d  th e  param eter v a lu es
w i l l  r e g u la te  the  f i t  o f th e  model to  th e  d a ta . This f i t  o f th e
m odelled  to  th e  observed  d a ta  le a d s  to  th e  r e j e c t i o n  or
v e r i f i c a t i o n  o f e i t h e r  th e  model h y p o th e s is , model s t r u c tu r e  or 
p aram ete r v a lu e s .
7 :3 :1  Computer Aided P rocédure— f o r  T ia e rg e r ie s  A naly sis  and
I d e n t i f i c a t i o n  o f  N o isy  p r o c e a a e s  (.CAPTAIN,) t
The s u i t e  of programmes c o n s t i tu t in g  th e  CAPTAIN package were 
d es ig n ed  by P ro fe s so r  P. Young and D r.S .S h e llsw e ll  (Young,
S h e lls w e l l  and N ee th lin g  1971 and S h e lls w e ll  1972, c i te d  i n  Venn
and Day 1977) a s  an a n a ly t ic a l  to o l  to  a id  in  th e  a n a ly s is  of
t i m e - s e r ie s .  The package i s  m ost ccmmonly run in  an in t e r a c t iv e
mode a llo w in g  th e  u se r  to  work p ro g re s s iv e ly  through th e  s ta g e s  of
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m o d e l b u i l d i n g .  A l l  d a t a ,  a f t e r  i n i t i a l  p r e s e n t a t i o n  by  t h e  u s e r  
i s  h a n d l e d  i n t e r n a l l y  by  CAPTAIN p a c k a g e  u s i n g  t h e  b a s i c  
o r g a n i s a t i o n a l  u n i t  o f  d a t a  s e r i e s .  CAPTAIN i n  a n  i n t e r a c t i v e  
m ode f a c i l i t a t e s  g r a p h i c a l  d e v e lo p m e n t  o f  p r o g r e s s  d u r i n g  d a t a  
v a l i d a t i o n ,  m o d e l i d e n t i f i c a t i o n ,  p a r a m e te r  e s t i m a t i o n  a n d  m o d e l 
v e r i f i c a t i o n .
The package i s  w e ll e s ta b l i s h e d  in  th e  f i e l d  o f w ater 
r e s o u rc e s  and th e re  a re  numerous exam ples o f i t s  s u c c e s s fu l 
a p p l ic a t io n  (Venn and Day 1977, W hitehead e t  a l  1979, 1981, 1984)
The CAPTAIN package d e sc r ib e d  and u t i l i s e d  i n  th e  p reced in g  
a n a ly s i s  i s  th e  v e r s io n  mounted on th e  GEC 40 90A com puter a t  th e  
I n s t i t u t e  o f H ydrology, W a llin g fo rd . The p rocedures and r o u t in e s  
th e r e f o r e  r e f e r  to  th e  im p lem en ta tio n  o f t h i s  v e rs io n  o f th e  
package. A more thorough tre a tm e n t of th e  package i s  g iv e n  in  th e  
I n s t i t u t e  o f Hydrology u s e r  manual (Venn and Day 1977 )•
7:3:2 Data,. Validati.ojR.
In  o rd e r  to  m eet th e  o b je c t iv e s  of th e  m odelling  a n a ly s is  i t  
was n e c e ssa ry  to  have a com plete  d a ta  s e t  of stream  pH (c o n v e rte d  
to  jieq H^l” ^) and d isc h a rg e  (m^ sT ^ ), fo r  th e  same p e r io d  f o r  a l l  
th r e e  catchm en ts. B earing  i n  mind th a t  t h i s  in v e s t ig a t io n  fo c u se s  
on sto rm  v a r ia t io n  th e  p e r io d  o f November 1983 to  March 1984 
p ro v id ed  d a ta  of s u i ta b le  ty p e  and q u a l i ty .  Having s e t  up CAPTAIN 
and re a d  i n  th e  d a ta  s e r i e s  i t  was d e s ir a b le  to  d e s c r ib e  and 
d is p la y  th e  observed  in p u t  and o u tp u t s e r i e s  g r a p h ic a l ly .  
D esc rib in g  th e  s e r i e s  on CAPTAIN produces p lo t s  of th e  c o r r e la t io n  
fu n c t io n s  ( a u to c o r r e la t io n ,  p a r t i a l  a u to c o r r e la t io n  and c ro s s
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c o r r e l a t i o n )  which a re  h e lp fu l  in  th e  model i d e n t i f i c a t i o n  s ta g e . 
In  g r a p h ic a l ly  d is p la y in g  th e  s e r i e s ,  d i s c o n t in u i t i e s  and s p u rio u s  
d a ta  p o in ts  may be d e te c te d  a s  w e ll as  id e n t i f y in g  obvious 
in p u t-o u tp u t  la g  r e l a t i o n s h ip s .
7:3:3 Model Id en tif ic a tio n .
The in p u t to  any s to c h a s t ic  model assumes th a t  th e  in p u t 
i t s e l f  i s  th e  r e s u l t  o f a s to c h a s t ic  p ro cess  which may be assumed 
to  be g e n e ra te d  by a s e r i e s  of random shocks. To m eet t h i s  
assum ption  i t  i s  n e c e ssa ry  to  p rew hiten  th e  d a ta  so i t  i s  random 
in  n a tu re  i e .  w h ite  n o is e .
By exam ination  o f  th e  o r ig in a l  d a ta  s e r i e s '  p a r t i a l
a u to c o r r e la t io n  fu n c tio n ,  th e  flow  in p u t to  th e  model could  be
g e n e ra te d  by an a u to re g re s s iv e  model w ith  th r e e  s ig n i f i c a n t  
te rm s. In  o rd e r  to  p rew h ite n  t h i s  in p u t s e r i e s  th e  d a ta  was run 
through  th e  in v e rs e  o f t h i s  model u sing  th e  p rew h iten  programme in  
CAPTAIN, s im i la r ly  th e  o u tp u t s e r i e s  were transfo rm ed  i n  th e  same 
way. The d a ta  i s  now s a id  to  have been 'p re w h ite n e d '.  The 
rem ain ing  s ig n i f i c a n t  term s in  th e  c r o s s - c o r r e la t io n  fu n c tio n  
between th e  p rew hitened  in p u t and o u tp u t s e r i e s  in d ic a te d  a 
maximum v alue  a f t e r  1 hour w ith  a ra p id  d e c l in e . T his p a t te rn  
su g g e s ts  a f i r s t - o r d e r  model as a p p ro p r ia te  fo r  th e  p ro cess
m odel. This p a t te r n  was observed  fo r  a l l  th re e  catchm ent s e r i e s ,
g iv in g  r i s e  to  a ccmmon model s t r u c tu r e .
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As Venn and Day (1977) and B en n e tt (1979) comment th e  
in t e r p r e t a t i o n  o f d i f f e r e n t  p a t te r n s  and shapes o f th e  fu n c tio n s  
i s  an ex p erien ced -b ased  p ro c e ss . In  th e  i d e n t i f i c a t i o n  of th e  
model s t r u c tu r e  in  t h i s  in v e s t ig a t io n  h e lp  and gu idance i n  th e  
in t e r p r e t a t i o n  was g iv en  by D r .P .6 .W hitehead
7 :3 :4  P aram eter E s tim a tio n .
In  Box and Je n k in s  (1970) e s t im a tio n  o f th e  param eter v a lu es  
a re  a ss ig n ed  a f t e r  re a d in g  th e  whole d a ta  b lock . One o f th e  
p r in c ip a l  f e a tu r e s  o f CAPTAIN i s  th e  in c o rp o ra tio n  o f an 
in s tru m e n ta l v a r ia b le  te ch n iq u e  Young (1970). Using t h i s  
tech n iq u e  th e  param eters  of th e  id e n t i f i e d  model a re  updated  a f t e r  
each v a r ia b le  i s  re a d . This in v o lv e s  an a u x i l ia ry  model which i s  
s u b je c t  to  th e  same in p u t sequence as  th e  p ro cess  to  be i d e n t i f i e d  
(s e e  f i g  7 :3 ) .  The o u tp u t from th e  model (x^) approx im ates to  a 
th e o r e t ic a l  n o ise  f r e e  o u tp u t ( x ^ ) . The d if fe re n c e  between x^ and 
th e  observed p ro cess  o u tp u t y^ g iv e s  an e s tim a te  (n^) o f n^, th e  
n o ise  component. On th e  f i r s t  i t e r a t i o n  e s tim a tio n  i s  based on a 
b ia sed  l e a s t  sq u a res  method. Subsequent i t e r a t i o n s  u t i l i s e  a 
re c u r s iv e  param eter e s t im a tio n  (W hitehead 1980) to  update  th e  
a u x i l ia r y  model p aram eters  and enhance th e  q u a l i ty  o f th e  
in s tru m e n ta l v a r ia b le .
These components ( i . e  a u x i l ia r y  model o u tp u t and e s tim a te  of 
th e  n o ise )  shown in  f i g  7 :3  along  w ith  th e  in p u t and o u tp u t s e r i e s  
p rov id e  th e  in p u t to  th e  i d e n t i f i c a t i o n  a lg o rith m . T his whole 
sequence o f param eter e s t im a tio n  i s  run  under th e  E stim ate  
programme of CAPTAIN.
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FIG 7:3 Instrumental Variable Approach To Parameter Estimation
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7:3:5 hodel V erifica tion .
In  o rd e r  to  en su re  t h a t  th e  e s tim a te d  s t r u c tu r e  and 
p aram eters  o f th e  model p rov ided  th e  b e s t f i t  of th e  d a ta ,  th e  
e s tim a te  programme d is p la y s  g ra p h ic a l ly  th e  com parison between 
observed  and p re d ic te d  a c id i ty  v a lu e s . However th e  u lt im a te  t e s t  
o f th e  model i s  to  apply  th e  model in  a fo re c a s t in g  mode to  o th e r  
d a ta  s e t s  from th e  same catchm ent. The r e s u l t s  o f both  th e  
i n i t i a l  e s tim a te  run and th e  subsequen t fo re c a s t in g  ru n s  f o r  each 
catchm ent a re  shown and d isc u sse d  in  s e c tio n s  7 :4  and 7 :5 .
7:4 APPLICATIONS, and RESULTS.
A CAPTAIN a n a ly s is  was run  on d a ta  from D arg a ll Lane and 
Green Burn fo r  th e  p e rio d  o f November 1983. For re a so n s  d isc u sse d  
l a t e r  a  model could  n o t be g e n e ra te d  fo r  November 1983 on W hite 
Laggan, i t  was th e re fo re  n ecessa ry  to  use an o th e r d a ta  s e t ,  March 
1984 was chosen.
The g e n e ra l form o f th e  model was th e  same fo r  a l l  3 
catchm en ts, a f i r s t  o rd e r ARMA m odel, i e ,  one a u to re g re s s iv e  and 
one moving average param eter. The g e n e ra l form o f th e  model may 
be w r i t t e n  a s :
where y^ i s  th e  Hydrogen io n  c o n c e n tra tio n  (peq H^l~^) and u^ i s  
th e  stream  d isch a rg e  (m^ s " ^ ) a t  tim e t .
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W h ils t th e re  was no tim e la g  f o r  D arg a ll Lane i t  was 
n e c e ssa ry  to  In c o rp o ra te  a tim e la g  o f 1 hour fo r  bo th  W hite 
Laggan and Green Burn m odels. The s p e c i f i c a t io n  o f  th e  th re e  
m odels a r e  g iv e n  in  ta b le  7 :1 .  From th e  model param eters  i t  i s  
a l s o  p o s s ib le  to  c a lc u la te  th e  system s mean response  tim e (T) and 
th e  g a in  o f  th e  system  (G ). Mean resp o n se  tim e i s  d e fin e d  by;
T = 1 / I n ( - a ^ )  ..............  (W hitehead e t  a l  1984)
and system  g a in
G = b© / I  + Si ..............  (W hitehead e t  a l  1984)
A system  g a in  o f 2 .0  would im ply ( f o r  t h i s  s tu d y ) th a t  fo r  
every  1 m  ^ s  ^ in c re a s e  in  d isc h a rg e  th e re  would be an in c re a s e  of 
2 .0  ^eq
The v a lu e  o f th e se  two p a ram e te rs  f o r  each model i s  g iv e n  in  
ta b le  7 :1 .  Also In c lu d ed  in  t a b le  7 :1  a re  % v a ria n c e  v a lu e s ; % 
v a r ia n c e  in  t h i s  case r e f e r in g  to  th e  amount of v a ria n c e  in  th e  
c o n c e n tra t io n  which can be accoun ted  fo r  by th e  f lo w -a c id ity  
m odel;
V ariance Accounted = V arian ce  acc o u n te d  f o r  by Model xlOO 
fo r  by Model t o t a l  v a r ia n c e




































F ig u re s  7:4 to  7 :6  show g ra p h ic a l ly  how th e  m odels match th e  
observed  d a ta . In  both  th e  g ra p h ic a l  o u tp u t and i n  th e  v a r ia n c e  
f ig u r e s  ( t a b le  7 :2 )  i t  i s  e v id e n t some degree of d i s s im i la r i ty  
e x i s t s .  T his i s  due in  p a r t  to  th e  s tep p ed  n a tu re  of th e  in p u t 
d a ta  compared to  th e  smoothed model ou tp u t d a ta . The s tep p ed  
appearance of th e  observed d a ta  i s  a fu n c tio n  of th e  co n v e rs io n  of 
f i e l d  measurement o f d i s c r e t e  pH v a lu es  to  hydrogen io n  
c o n c e n tra tio n  (se e  s e c t io n  4 : 2 : 2 ) .  However, in  c a lc u la t in g  model 
o u tp u t v a lu e s  th e  CAPTAIN package u ses  f r a c t io n s  o f th e  in p u t  and 
o u tp u t, t h i s  has th e  e f f e c t  o f sm oothing th e  model o u tp u t and 
p roducing  a continuum o f H^ v a lu e s .
November Jan u ary  February March
D a rg a ll 81 92 84 70 89 73 29 96 91 78
Lane
Green 86 95 89 71 95 87 61 97 93 84
Burn
p r e d ic t io n  tim e (hou rs) 1 2 5  1 2 5 1 2 5
Table 7 :2  % H* V ariance accoun ted  f o r  du ring  d i f f e r e n t  
model ru n s .
F ig u re s  7 :7  to  7:10 show how w ell th e se  models w ere a b le  to  
p r e d ic t  stream w ater a c id i ty  ov er a d d i t io n a l  d a ta  s e t s ,  under 
d i f f e r i n g  c o n d itio n s  and w ith  v a r ie d  p re d ic t io n  ( le a d )  tim e s . In
g e n e ra l th e  models show a v e ry  good agreem ent between th e  observed
and m odelled  s e r i e s .  The m ain a re a s  o f d e v ia tio n  a re  a t  th e  
ex trem es o f c o n c e n tra tio n . From ta b le  7 :2  and from th e  f ig u r e s
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FIG 7:4 Observed Input, Output And Modelled Series For Dargall Lane November 1983
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FIG 7:5 Observed Input, Output And Modelled Series For White Laggan March 1984
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FIG 7:6 Observed Input, Output And Modelled Series For Green Bum November 1983
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FIG 7:7 Modelled Streamwater Acidity Using Time-Steps Of 1,2,5 For Dargall Lane
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FIG 7:8 Modelled Streamwater Acidity Using Time-Steps Of 1,2,5 For Green Bum
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FIG 7:9 Modelled Streamwater Acidity Using Time-Steps Of 1,2,5 For Dargall Lane
February 1984
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FIG 7:10 Modelled Streamwater Acidity Using Time-Steps Of 1,2,5 For Green Bum
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th e  In f lu e n c e  o f v a ry in g  th e  p r e d ic t io n  tim e i s  e v id e n tly  seen . 
Also a p p a re n t from ta b le  7 :2  i s  th e  c o n s is te n t ly  b e t t e r  f i t  of th e  
d a ta  g iv e n  by th e  G reen Burn model in  com parison to  th e  D a rg a ll 
Lane m odel, th e se  d i f f e r e n c e s  a re  f u r th e r  d isc u sse d  in  s e c t io n  
7 :5 .
E xam ination  o f th e  D a rg a ll Lane fo r e c a s t  f o r  November 1983 
( f i g  7 :4 )  shews th a t  th e  model ad e q u a te ly  e x p la in s  th e  r i s i n g  and 
f a l l i n g  l e v e l s  of d u rin g  s to rm s, however i s  unable  to  r e p l i c a t e  
th e  f i r s t  storm  peak. I t  i s  a l s o  i n t e r e s t i n g  to  n o te  t h a t  th e  
su b seq u en t s to rm s d u rin g  November a l l  reach  th e  same 
'a c id i ty - p la te a u *  c o n c e n tra tio n , th e se  o b se rv a tio n s  a re  in  d i r e c t  
c o n t r a s t  to  th e  G reen Burn f o r e c a s t  f o r  November 1983 ( f i g  7 :6 ) .  
On G reen Burn th e  same 4 storm  peaks g e n e ra te  c o n c e n tra tio n s  of 
a c id i ty  p ro p o r tio n a l to  th e  amount o f flow . Again th e  model 
a d e q u a te ly  d e s c r ib e s  th e  g e n e ra l p a t te r n  of observed a c i d i t i e s  but 
f a i l s  t o  p r e d ic t  th e  f i r s t  a c id i ty  peak.
The model f i t  d u rin g  Jan u ary  1984 fo r  both D a rg a ll Lane and 
Green Burn ( f ig s  7 :7  and 7 :8 ) a re  very  good w ith  th e  models
acc o u n tin g  fo r  a wide range of a c id i ty  w ith  d i f f e r e n t  flow
c o n d i t io n s .  The m ajor d i f f e r e n c e s  a r i s e  from th e  s tepped  n a tu re  
o f th e  o r ig in a l  d a ta . P re d ic t io n s  f o r  th e  February  storm s a f t e r  
th e  f i r s t  storm  a re  l e s s  r e l i a b l e ,  th e  models o v e rp re d ic tin g  th e
observed  a c id i ty  ( s e e  s e c t io n  7 :5 ) .  T his g iv e s  an in d ic a t io n  of 
th e  models* s im p l ic i ty  and su g g e s ts  t h a t  a 'f a c to r*  o th e r  th an  
t h a t  d e sc r ib e d  by th e  model i s  e f f e c t in g  stream w ater a c id i ty
d u rin g  th e  l a t t e r  p a r t  o f F eb ru ary .
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F ig u re  7:5 shows th e  W hite Laggan model g e n e ra te d  on d a ta  
from March 1984. March 1984 was used  a s  a  d i r e c t  consequence of 
th e  1983 lim in g  programme (c h a p te r  3:3:3). The lim in g  o f  White 
Laggan d u rin g  t h i s  p e r io d  had th e  e f f e c t  of e l im in a tin g  a 
f lo w -a c id i ty  response  in  th e  catchm ent u n t i l  most of th e  lim e  had 
been f lu s h e d  from th e  catdtim ent, a p o in t which i s  d isc u sse d  
f u r th e r  in  s e c t io n  7 :5 .
However, by March 1984 a  f lo w -a c id i ty  r e la t io n s h ip  ( a l b e i t  
sm a ll)  was r e s to r e d ,  e n a b lin g  th e  a p p l ic a t io n  o f th e  model g iv en  
in  t a b le  7:1, From f ig  7:5 th e  model can be seen  to  g iv e  a  good 
f i t  o v e r  a  range o f flow  c o n d it io n s  in  th e  W hite Laggan. This 
l im i te d  run  of CAPTAIN on d a ta  from W hite Laggan ag a in  shewed th e  
v e r s a t i l i t y  and power o f th e  model under d i f f e r in g  c o n d itio n s . 
Comparison o f th e se  r e s u l t s  w ith  th o se  from 1982 (W hitehead e t  a l 
1984) r e in f o r c e  th e  n a tu re  o f th e  r e la t io n s h ip  in  W hite Laggan.
7:5 DISCUSSION and-fiQN.CLMXQH..
Both th e  g ra p h ic a l o u tp u t and ta b le  7 :2  i l l u s t r a t e  th e  
e f f ic ie n c y  w ith  which th e  sim ple  m odels f i t  th e  observed d a ta . 
Such a good a s s o c ia t io n  su g g e s ts  th e re  i s  a c lo se  r e la t io n s h ip  
betw een c o n c e n tra tio n  and flo w . As a p r e d ic t iv e  method th e  
m odels a re  th u s  e f f e c t iv e  in  f o r e c a s t in g  a c id i ty  over storm  
p e r io d s . However, b e fo re  c o n s id e r in g  i n  g r e a te r  d e t a i l  th e  
im p lic a t io n s  o f th e  models i t  i s  o f  i n t e r e s t  to  examine th e  model 
d e v ia t io n s  and f a i l u r e s  which a r i s e  when th e  model i s  used to  make 
p r e d ic t io n s .
— 2 1 8  —
In  g e n e ra l term s th e  model r e s u l t s  d e v ia te  from th e  observed
a c id i ty  a t  e i t h e r  low o r h ig h  c o n c e n tra tio n s  o f H"*". T his i s
l i k e l y  to  be a  fu n c tio n  o f th e  n o n - l in e a r i ty  of th e  f lo w -a c id ity  
r e l a t i o n s h ip  a t  th e s e  c o n c e n tra t io n s .  This i s  p a r t i c u l a r ly  
n o t ic e a b le  when th e  m odels lo s e  some a b i l i t y  to  p r e d ic t  e i t h e r  
ov er p e r io d s  o f low flow  o r when sm all sto rm s c r e a te  a 
d is p ro p o r t io n a te  in c re a s e  i n  a c i d i ty  beyond th a t  p re d ic te d  by th e  
m odel, such as seen  in  th e  F eb ruary  1984 d a ta  ( f ig s  7 :9  and
7 :1 0 ) .  When low r e c e s s io n a l  flow  c o n d itio n s  p re v a i l  in  th e
ca tchm en ts  th e  s tream s a re  fed  by groundw ater and su b su rfa c e  flow s 
w hich have a d i f f e r e n t  reg im e in  te rm s o f f lo w -a c id i ty .  T his can 
be r e a d i ly  seen  in  f i g s  7 :4  and 7 :5  f o r  th e  November 1984 d a ta  in  
which d u rin g  th e  e a r l i e r  p a r t  o f  th e  month th e re  were no 
a p p re c ia b le  s iz e d  sto rm s and s tream w ater a c id i ty  was n e g l ig ib le .  
Storm s fo llo w in g  dry p e r io d s  may f lu s h  accum ulated from th e  
catchm ent (se e  c h a p te r  2 :2 :4 )  th e re b y  c re a tin g  an anomalous 
in c re a s e  in  a c id i ty  in  com parison w ith  th a t  produced under more 
* norm al * c o n d itio n s . To in c o rp o ra te  th e se  a d d i t io n a l  v a r ia b le s  
one w ould have to  use a  more complex second o rd e r m odel, which in  
th e  p re s e n t  study  was c o n s id e re d  u n ece ssa ry .
In  a l l  runs  of th e  m odels f o r  Green Burn and D a rg a ll Lane
(s e e  f i g s  7 :7  to  7 :10) in c re a s in g  th e  p r e d ic t io n  tim e red u ces  th e  
m odels r e l i a b i l i t y  to  p r e d ic t  over long  tim e spans. Should th e  
m o d e llin g  o b je c tiv e  be changed from m odelling  storm  storm  to  
lo n g e r  term  v a r ia t io n s ,  a more complex model i s  l i k e l y  to  be 
r e q u ir e d .
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In  p re d ic t in g  s tream  a c id i ty  over storm  p e r io d s  th e  su ccess  
o f th e  model depends n o t on ly  on th e  le a d  tim e bu t a l s o  on th e  
c h a ra c te r  o f  th e  month. The d if f e r e n c e s  in  % v a r ia n c e  e x p la in ed  
( t a b l e  7 :2 )  from month to  month r e f l e c t  th e  d if f e r e n c e s  i n  th e  
deg ree  to  which unaccoun ted  v a r ia b le s  (p ro c e sse s )  may in f lu e n c e  
s tream w ater a c id i ty .  I t  i s  e v id e n t from f ig s  7 :4  to  7 :10  th a t  
c o n t ra s t in g  s iz e s  and tim in g  o f storm s have d i f f e r in g  e f f e c t s  on 
c o n c e n tra tio n  w hich may need a second or th i r d  v a r ia b le  to  
acco u n t fo r  p ro c e s se s  such as  groundw ater and a n te c e d e n t 
c o n d i t io n s .
D uring both  November and over th e  p re d ic te d  d a ta  s e r i e s  th e  
p e rce n tag e  ex p la in ed  v a r ia n c e  o f th e  H^-flow r e la t io n s h ip  i s  
c o n s is te n t ly  h ig h e r  fo r  Green Burn th a n  D arg a ll Lane. This 
p robab ly  r e f l e c t s  a r e a l  d i f f e r e n c e  in  th e  hydrochem ical p ro c e sse s  
o f th e  catchm ents. The f o r e s t  d ra in s  of Green Burn prom ote a 
r a p id  f lu s h in g  and e v a c u a tio n  o f w ate r from a l l  p a r t s  of th e  
catchm ent. D a rg a ll Lane however w ith  i t s  arm chair l i k e  shape and 
p o o ls  o f  su rfa c e  w a te r  w i l l  tak e  lo n g e r  to  f lu s h  th e  a c id i ty  from 
a l l  p a r t s  of th e  catchm en t. I f  t h i s  were to  le a d  to  s u b s t a n t i a l  
d is c re p a n c ie s  in  th e  model a  more complex s t ru c tu re d  model may 
have been a p p ro p r ia te .
For th e  Green Burn November f o r e c a s t  th e  model f a i l e d  to  
p r e d ic t  th e  f i r s t  Autumnal f lu s h  fo llo w in g  a long  dry  s p e l l  ( f ig  
7 :6 ) .  W hitehead e t  a l  (1984) u s in g  th e  same m odelling  s t r a te g y  
fo r  d a ta  from B irk e n es , Norway n o tic e d  a s im i la r  f a i l u r e  o f th e  
model in  th e se  c irc u m sta n c e s . For th e  t o t a l  p e rio d  o f p r e d ic t io n  
o f h igh  flow s fo r  Green Burn th e  model o v e rp re d ic ts  th e  a c id i ty .
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T his i s  i n  d i r e c t  c o n t r a s t  to  th e  D a rg a ll Lane system  where th e  
grow ing c o n t r ib u t io n  o f  d e layed  flow  m a in ta in s  a h ig h e r  le v e l  of 
a c id i ty  th a n  th a t  p re d ic te d  by th e  model. Such a delayed  flow 
p ro c e ss  h as  a ls o  been im p lie d  by th e  r e s u l t s  o f a  u n i t  hydrograph 
s tu d y  (H arper 1984, s e c t io n  3 :4 ) .  Table 3 :3  p ro v id es  a com parison 
o f th e  p e rce n tag e  ru n o f f  a f t e r  d i f f e r e n t  p e rio d s  of tim e and shows 
th e  d e lay ed  flow  elem en t o f th e  D a rg a ll Lane catchm ent.
As o u tl in e d  i n  s e c t io n  7 :4  th e  D arg a ll Lane and Green Burn 
m odels re a so n a b ly  p r e d ic t  th e  f i r s t  a c id i ty  storm  of February  
b e fo re  f a i l i n g .  From th e  co n tin u o u s d a ta  i t  i s  n o t r e a d i ly  
a p p a re n t why t h i s  i s  so . R eference to  th e  th e  w eekly chem ical 
d a ta  su g g e s t t h a t  a  s e a - s a l t  ep iso d e  occured a t  t h i s  tim e over 
Loch Dee. During t h i s  week a h igh  amount of H**^ was exchanged and 
le ach ed  ou t of th e  catchm ent (d e sc r ib e d  in  c h a p te r  6 ) .  There i s  
some ev id en ce  fo r  t h i s  a s s e r t a t io n  in  th e  e le v a te d  le v e l s  of 
sodium c h lo r id e  in  th e  w eekly bulked sample (Na 625 jxeq 1 -1 , Cl" 
886 ^eq 1-1) and a l s o  th e  r e l a t i v e ly  h igh  le v e ls  o f 01 in  th e  
s tre a m s:
D a rg a ll Lane 384 jaeq 1 -1 .
Green Burn 350 ^eq 1 -1 .
With th e  p re s e n t s im ple model s t r u c tu r e  th e re  i s  no a ttem p t made 
to  in c o rp o ra te  th e  r o le  o f s e a - s a l t  a s  t h i s  w i l l  have a m arkedly 
d i f f e r e n t  f lo w -a c id i ty  regim e.
Comparison o f th e  catchm ents* mean response  tim es and delay 
f a c to r s  ( t a b l e  7 :1 )  shows D a rg a ll Lane to  respond  th e  f a s t e s t .  
T his im p lie s  t h a t  f o r  an in c re a s e  i n  flow  D a rg a ll Lane w i l l  
respond  th e  f a s t e s t  i n  term s o f an in c re a s e  in  a c i d i ty .  This
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r e f l e c t s  th e  poor a b i l i t y  o f th e  catchm ent to  b u f fe r  any a c id i ty .  
The lo n g e r  resp o n se  tim es f o r  G reen Burn and W hite Laggan in d ic a te  
t h a t  th e se  catchm en ts  a re  a b le  to  b u f fe r  some a c i d i ty .  In  th e
case o f G reen Burn t h i s  b u f fe r in g  c a p a c ity  i s  e v e n tu a lly  exhausted  
g iv in g  r i s e  to  a  h ig h  g a in , w h ils t  W hite Laggan i s  a b le  to  
m a in ta in  an e f f e c t iv e  b u f fe r  a g a in s t  a c id i ty .
The r e s u l t s  from th e  W hite Laggan model a re  i n t e r e s t in g  in  
th e  c o n t r a s t  they  p ro v id e  to  th e  o th e r  two m odels. The White 
Laggan model su g g e s ts  th e  catchm ent to  be much b e t t e r  b u ffe re d  
th a n  th e  o th e r  two ca tchm en ts. The s im i la r i ty  between th e  two
s e t s  o f  r e s u l t s  ( f o r  W hite Laggan) confim s th e  m agnitude o f th e  
g a in  f o r  th e  catchm ent w hich i s  m arkedly s m a lle r  th a n  fo r  e i th e r  
of th e  o th e r  ca tchm en ts . The d if fe re n c e  in  mean response  tim es
between th e  two s tu d ie s  i s  an in d ic a t io n  o f th e  d i f f e r e n t
a n te c e d e n t c o n d itio n s  d u rin g  th e  c a l ib r a t io n  of th e  models.
A f u r th e r  c o n t r a s t  i s  p rov ided  by u s in g  th e  model to
c a lc u la te  th e  d isc h a rg e  needed to  produce a c o n c e n tra tio n  o f  10 
+  —1fieq H I  (pH < 5 .0 ) .  T able 7 :3  shows th e  r e s u l t s  and th e  
p e rce n tag e  o f tim e th e  flow s a re  g r e a te r  th an  t h i s  v a lu e . This 
p ro v id e s  an in d i c a t io n  o f th e  tim e each stream  has an a c id i ty  > 1 0  
^eq H*l~^ (flow  d e r iv e d  from MDF d u ra tio n  c u rv e s .)
s t a t i o n  th re s h o ld  d isch a rg e  % tim e exceeded
H^>10 fxeq l “ ^.
D a rg a ll Lane 0 .2 4  m s” 18
W hite Laggan 3 .50  m^s“  ^ 0 .5
Green Burn 0 .3 0  m s"  15
T able 7 :3  f lo w -a c id i ty  d u ra tio n  f ig u r e s .
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These f lo w -a c id i ty  d u ra tio n  f ig u r e s  compare s u r p r is in g ly  w ell 
bo th  i n  m agnitude and o rd e r  w ith  th o se  su g g ested  by th e  
frequency  f ig u r e s  g iv e n  fo r  th e  w eekly sam ples in  f i g  5 :1 .
The im p lic a t io n s  o f th e se  r e s u l t s  a re  i n t e r e s t in g  and 
p r im a r ily  r e f l e c t  d i f f e r e n c e s  in  th e  hydro logy  and geology o f  th e  
ca tch m en ts . The D a rg a ll Lane catchm ent a s  a lre a d y  d isc u sse d  has 
lo n g e r  r e t e n t io n  tim es , th e  w a te r being  t ra n s m itte d  through 
n u t r i e n t  d e f i c i e n t  p e a ts  which m a in ta in  s tream w ater a c id i ty  r a th e r  
th a n  n e u t r a l i s e  any incom ing a c i d i ty .  D uring very  h igh  flow s th e  
p resen ce  o f a scum on th e  w a te r su g g e s ts  th e  a c id i ty  i s  o f an 
o rg a n ic  form  ( f lu v i c  a c id ) .
The d isc h a rg e  v a lu e  to  a t t a i n  an a c id i ty  va lue  o f 10 ^eq 
i s  ap p ro x im ate ly  th e  same f o r  Green Burn as  D a rg a ll Lane. 
In  Green Burn th e  p e rcen tag e  tim e o f low er flow s i s  g r e a te r  than  
th a t  f o r  D a rg a ll Lane t h i s  being  a r e s u l t  o f th e  g e n e ra lly  s te e p e r  
catchm ent and p r e f e r e n t i a l  movement o f w ate r down th e  f o r e s t  
d ra in s .  T his e x p la in s  th e  low er p ercen tag e  of tim e in  which 
h ig h e r  a c i d i t i e s  p r e v a i l .
The la rg e  d isc rep an cy  between W hite Laggan and th e  o th e r  two 
stream s may be p a r t ly  ex p la in ed  by d i f f e r e n t  flow regim es. 
However, th e re  i s  l i t t l e  ev idence to  su p p o rt t h i s  from th e  flow 
d u ra tio n  cu rv es  ( f i g  3 : 6 ) .  More p la u s ib le  e x p la n a tio n s  a re  
d i f f e r e n c e s  i n  geology o r la n d  management. C hapter 5 in tim a te d  
t h a t  th e  W hite Laggan has a g r e a te r  a b i l i t y  to  b u f fe r  stream  
a c id i ty  a s  g iv e n  by th e  low er w eekly mean and median H^
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c o n c e n tr a t io n s .  However, th e  d i f f e r e n c e s  o u tl in e d  i n  c h a p te r  5 
a re  n o t s u f f i c i e n t  to  accoun t f o r  th e  d if f e re n c e s  d e sc rib e d  h e re . 
The d a ta  used in  c h a p te r  5 su g g es ted  th a t  a c id i ty  r e la te d  io n s  
w ere c o n t ro l le d  to  a la rg e  e x te n t  by th e  flow  c o n d itio n s . 
Fu therm  o re  d a ta  fo r  c h a p te r  5 were from W hite Laggan ( 1 ) ,  (above 
m ost o f  th e  lim e) and th e  d a ta  p re se n te d  h e re  a re  from W hite 
Laggan ( 2 ) ,  (below a l l  o f th e  lim in g  a p p l ic a t io n s ) .  The most 
s i g n i f i c a n t  d if fe re n c e  i s  th u s  l i k e l y  to  be ex p la in ed  by th e  
lim in g  programme. S e c tio n  7 :4  has a lre a d y  d e sc rib e d  th e  
d i f f i c u l t i e s  in  e s ta b l i s h in g  a  f lo w -a c id i ty  r e la t io n s h ip  fo r  
e a r l i e r  p e r io d s  due to  th e  a p p l ic a t io n s  of lim esto n e  powder. I t  
i s  l i k e l y  t h a t  th e  d im in ished  e f f e c t  o f th e  lim esto n e  l a s t e d  over 
a  s u b s t a n t i a l  p e rio d  p ro v id in g  an e f f e c t iv e  b u f fe r  a g a in e s t 
s tream w ate r a c id i ty .
W h ils t th e  model used h e re  i s  n o t a p a r t i c u la r ly  pow erful 
model i n  term s o f p r e d i c t a b i l i t y ,  th e  model has been u s e fu l in  
id e n t i f y in g  d if f e re n c e s  between th e  th re e  catchm ents in  term s of 
hy d ro ch em istry  and land-m anagem ent. The W hite Laggan f in d in g s  and 
th e  m odify ing  in f lu e n c e  of lim es to n e  a p p l ic a t io n s  a re  p a r t i c u la r ly  
p e r t i n e n t  to  th e  s h o r t  term  s o lu t io n  o f stream w ater a c id i ty ,  a 
s u b je c t  which d ese rv es  a g r e a te r  dep th  o f study  and m odelling  th an  
has been p re se n te d  h e re .
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■CHAPT.ER 8
To conclude t h i s  d i s s e r t a t i o n  s e v e ra l a s p e c ts  o f  th e  
p reced in g  work need to  be drawn to g e th e r  and rev iew ed. This 
co n c lu sio n  ad d re sse s  th re e  s p e c i f i c  to p ic s :
i .  A review  o f th e  f in d in g s  o f t h i s  p iece  o f re s e a rc h .
i i .  An e v a lu a tio n  o f th e  methods used i n  th e  in v e s t ig a t io n
i i i .  S uggestions  of f u tu r e  l i n e s  o f enqu iry  which may h e lp  to  
g a in  a b e t t e r  u n d ers tan d in g  o f th e  f a c to r s  govern ing  
w ate r q u a l i ty  in  upland a re a s .
This p iece  o f re se a rc h  work has in v e s t ig a te d  a  r e l a t i v e l y  new 
a re a  o f i n t e r e s t  in  th e  n a tu ra l  environm ent in  which two p rob i ans 
a re  though t to  have been compounded to  a f f e c t  w ate r q u a l i ty  in  
upland  B r i t a in .  T his d i s s e r t a t i o n  a s  a p i l o t  study  o f th e se  
problem s has t r i e d  to  i s o l a t e  and e v a lu a te  th e  m ajor f a c to r s  and 
p ro c e sse s  a f f e c t in g  w a te r q u a l i ty .  The achievm ents a re  b e s t 
viewed in  term s o f th e  aims l a i d  ou t in  ch a p te r  1 and l i s t e d  
below:
What ar& .t hg-prpog^.gss and_f.a.ot.org gQ.Y.ernins K a ta r q u a l i ty  i n
upland  catchm ents i n  S.W S co tlan d ? The work in  th e  p reced ing
c h a p te rs  has o u tl in e d  th e  f iv e  p r in c ip a l  f a c to r s  govern ing  w ate r 
q u a l i ty  in  th e  s tream s a t  Loch Dee. The f iv e  f a c to r s  ( r a t e  of 
w ea th e rin g , b io lo g ic a l  p ro d u c tio n  and consum ption, a tm ospheric
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d e p o s i t io n ,  s tream  d isc h a rg e  and Ion-exchange) have been shown to  
o p e ra te  d i f f e r e n t i a l l y  acc o rd in g  to  th e  Io n ic  s p e c ie s  In v o lv ed . 
F u r th e r  more d e ta i le d  work in  l a t e r  c h a p te rs  has a ls o  id e n t i f i e d  
how th e  p ro cess  o f Io n  exchange o p e ra te s  to  Induce s h o r t- te rm  
s tream w ate r a c i d i f i c a t i o n  and how th e  v ary ing  p ro c e sse s  o f ru n o ff  
p ro d u c tio n  w ith in  th e  ca tchm en ts  may a f f e c t  s tream w ater a c id i ty .
JHq th e  f a c to r s  and p ro c e s se s  govern ing  w ate r q u a l i ty  _varv through
lim s and anans ag.s.gr.dlng tn  atBLOSjiieric in p u ts  and la n d -u s e ?
C hapter 5 has I l l u s t r a t e d  th e  sea so n a l v a r ia t io n  o f th o se  io n s  
p redcaninantly  determ ined  by m e te o ro lo g ic a l in p u ts  and t h e i r  
v a r i a t io n  over an annual c y c le .  The seaso n a l d i s t r i b u t i o n  of 
n i t r a t e  I s  th e  r e s u l t  o f d i f f e r e n c e s  i n  p ro d u c tio n  and consum ption 
o f  n i t r a t e  acco rd ing  to  m lc ro b a c te r ia l  a c t iv i t y  in  th e  s o i l s  and 
consum ption d u ring  th e  v e g e ta t iv e  growing season ; w hereas those  
io n s  p r in c ip a l ly  de term ined  by flow  show a seaso n a l d i s t r i b u t io n  
a s s o c ia te d  w ith  h igh  w in te r  flow s and low summer flo w s. Those 
io n s  in v o lv ed  in  ion -exchange  depend upon th e  in p u t o f high 
c o n c e n tra tio n s  o f s e a - s a l t s  w hich occur du ring  th e  w in te r  p e rio d  
w ith  g a le s  and deep d e p re s s io n s  sweeping in  o f f  th e  A tla n tic  
Ocean. Comparing and c o n t r a s t in g  th e  r e s u l t s  from th e  th re e  
catchm en ts has a ls o  re v e a le d  t h a t  th o se  io n s  which a re  p r in c ip a l ly  
determ ined  by b io lo g ic a l  f a c to r s  show s ig n i f i c a n t  d if f e re n c e s  
between th e  catchm ents as  a r e s u l t  of c o n tra s t in g  la n d -u s e . I t  
has a l s o  been su g g ested  th a t  w ith  th e  growth of th e  f o r e s t  th ese  
in te r -c a tc h m e n t d i f f e r e n c e s  w i l l  become more pronounced. The 
storm  budget work d e s c r ib e d  i n  c h a p te r  6 has a ls o  in d ic a te d  a 
d i f f e r e n c e  between th e  catchm en ts as  a r e s u l t  o f th e  d i f f e r e n t  
la n d -u s e , i e .  th e  t r e e s  o f th e  Green Burn catchm ent c a p tu re  more 
o f th e  a tm o sp h e ric a lly  e n tra in e d  s e a - s a l t  a llo w in g  the  
ion -exchange a c i d i f i c a t i o n  o f th e  s tream  to  proceed f u r th e r  th an
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i n  th e  o th e r  catchm ents (o v e r  th e  storm  p e r io d ) .  C hapter 7 has 
a l s o  shown th a t  th e r e  i s  a s ig n i f i c a n t  d if f e re n c e  between th e  
catchm ents* w a te r q u a l i ty  a s  a r e s u l t  o f th e  d i f f e r e n c e s  in  t h e i r  
hyd ro logy , p a r t  o f which i s  due to  th e  im proved d ra in ag e  
a s s o c ia te d  w ith  a f f o r e s t a t i o n .
B aying i.d e n tlf ig .d  .the, m ajor. .Q.Q.ntroljS, .oii ■.■■Mater a .u a li ty — In  suah  
,enYir.pnBLg.n.tj8 can th.ey_.ba. mathemati.caliy modelle.d _and .thus.j;>rovlde 
a  . basjg . f o r  .pr.e.di.Q.tiPg w ater, q u a l i ty  j!g&p.p.nafiA..i-Q siLocm Inp u tn?
Once th e  f a c to r s  and p ro c e s s e s  govern ing  w ater q u a l i ty  have been 
u n d ers to o d  i t  i s  p o s s ib le  to  t r y  and p r e d ic t  f u tu r e  w a te r  q u a l i ty  
f lu c tu a t io n s .  C hap ter 7 (o f  t h i s  work) d e s c r ib e s  a  m odelling  
e x e rc is e  u n d ertak en  a t  Loch Dee in  which m athem atical p aram eters  
a re  used to  re p la c e  th e  unknown catchm ent p ro cesse s  t o  p r e d ic t  th e  
v a r i a t i o n  in  w a te r  q u a l i ty  over storm  ev en ts . Using th e  model to  
compare and c o n t r a s t  th e  th re e  catchm ents i l l u s t r a t e s  th e re  a re  
la rg e  d if f e re n c e s  betw een th e  w ate r q u a l i ty  o f th e  th re e  
catchm en ts. The model developed h e re  i s  a ls o  u s e fu l  in  th e  
p r e d ic t io n  of s tream w ater a c id i ty  up to  5 hours in  advance.
The r e s u l t s  o f t h i s  d i s s e r t a t i o n  have shown th a t  th e re  i s  a 
la rg e  v a r ia t io n  i n  w a te r  q u a l i ty  d ra in in g  catchm en ts under 
d i f f e r e n t  la n d -u se  d e s p i te  th e  same atm ospheric  in p u t .  The 
r e s u l t s  a re  in  c o n t r a s t  w ith  th o se  of Harriman and M orrison  (1982) 
in  which th e  a u th o rs  r e p o r t  t h a t  catchm ents d ra in in g  fo re s te d  
a re a s  have a h ig h e r  a c i d i ty  th an  th o se  d ra in in g  m oorland a re a s .  
In  th e  re se a rc h  conducted  h e re  th e  m oorland c o n tro l catchm ent 
(D a rg a ll Lane) has th e  h ig h e s t  a c id i ty  t h i s  i s  a t t r i b u t a b l e  to  th e  
poor d ra in ag e  o f th e  catchm ent through e x te n s iv e  p e a t  and bog 
c o n d it io n s ,  slow r a t e s  o f g e o lo g ic a l w eathering  and a  dependence 
on a tm ospheric  in p u ts  o f th e  m ajor io n s . In  c o n t r a s t  to  th e
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D a rg a ll Lane i s  th e  b e t t e r  w ate r q u a l i ty  ( i e .  low er a c id i ty )  o f 
th e  W hite Laggan. P a r t  o f t h i s  b u ffe r in g  a b i l i t y  o f W hite Laggan 
i s  l i k e l y  to  be a  d i r e c t  r e s u l t  o f th e  a m e lio ra tin g  tech n iq u es  
used to  im prove w a te r  q u a l i ty  in  th e  catchm ent. The w a te r q u a l i ty  
o f th e  f o r e s te d  G reen Burn l i e s  in te rm e d ia te  between t h a t  o f th e  
D a rg a ll Lane and th e  W hite Laggan. The r e s u l t s  p re se n te d  here  
in d i c a te  t h a t  a t  th e  p re s e n t  tim e th e  f o r e s t  d r a in s  a re  as 
im p o rta n t ( i f  no t more so) th a n  th e  f o r e s t  i t s e l f  in  a f f e c t in g  
w a te r q u a l i t y .  I t  i s  e x p ec ted , however, th a t  th e  w a te r q u a l i ty  in  
th e  catchm ent w i l l  d e t e r io r a t e  w ith  th e  ageing  o f th e  f o r e s t .
In  co nclud ing  t h i s  work i t  i s  a ls o  n ecessa ry  to  expand on th e  
shortcom ings o f  th e  r e s e a rc h  and where or how th e se  f a i l i n g s  may 
be avo ided  i n  f u tu r e  work. C onsidering  th e  i n i t i a l  aims o f th e  
work th e r e  a re  th re e  i d e n t i f i a b l e  a re a s  o f w eakness.
The f i r s t  a re a  o f w eakness i s  th e  la c k  o f c o n tro l on th e  
W hite Laggan d a ta . I t  i s  u n fo r tu n a te  th a t  th e r e  was only  a 
m inim al amount of sam pling  conducted b e fo re  ccaamencing th e  lim ing  
programme. I t  i s  th u s  d i f f i c u l t  to  be com plete ly  c e r t a in  as  to  
th e  b e n e f i t s  o f  th e  lim in g  programme on th e  W hite Laggan 
catchm en t. I t  i s  p o s s ib le  th a t  th e  catchm ent was in h e re n tly  
b e t t e r  a b le  to  b u f fe r  poor w ate r q u a l i ty  w ith o u t th e  a d d i t io n  of 
th e  lim e s to n e . One s o lu t io n  to  t h i s  problem would be to  conduct 
an i n  dep th  su rvey  in  which a l l  th e  c o n tr ib u tin g  a re a s  o f th e  
catchm ent a re  sampled under d i f f e r in g  flow  c o n d itio n s .
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A second a re a  o f w eakness i s  th e  reduced amount o f  weekly 
chem ical d a ta  which a ro se  fo llo w in g  th e  q u a l i ty  c o n tro l checks. 
T his lo s s  o f d a ta  ru le d  ou t th e  p o s s i b i l i t y  o f work on budgets and 
lo a d in g s  fo r  in d iv id u a l  io n s .  I t  i s  on ly  f a i r  to  say th a t  t h i s  
lo s s  of d a ta  a ro se  from a com bination  o f problem s which s in c e  1984 
have been d r a s t i c a l l y  reduced . T h is, however o ccu rred  to o  l a t e  to  
be o f b e n e f i t  to  th e  a u th o rs  own p ro je c t  re p o r te d  h e re . The 
in c re a s e d  q u a l i ty  o f th e  d a ta  has a r i s e n  as a r e s u l t  o f th re e  
im provements w ith in  th e  p r o je c t .  The employment o f Dr. P 
H utchinson  as  a s c i e n t i f i c  o f f i c e r  has ensu red  a  h ig h e r  le v e l  of 
s i t e  m aintenance and q u a l i ty  c o n tro l o f th e  con tinuous m on ito rs  
and a ls o  th e  prompt r e tu r n  to  th e  SRPB chem ical la b o r a to r ie s  of 
th e  w eekly ro u tin e  sam ples. T his d ec rease  in  t r a n s i t  tim e of th e  
sam ples should  se rv e  to  reduce sample d e te r io r a t io n  to  a minimum. 
The second improvement to  th e  p ro je c t  has been th e  m arking o f 
sample b o t t l e s  w ith  t h e i r  d a te , tim e and w ater le v e l  a t  tim e o f 
sam pling . A th i r d  improvement to  th e  weekly chem ical d a ta  i s  a 
te c h n o lo g ic a l improvement w ith  th e  in t ro d u c t io n  o f n i t r a t e ,  
c h lo r id e  and su lp h a te  d e te rm in a tio n s  by io n  chrom atography.
The f i n a l  a re a  of w eakness in  t h i s  p iece  o f work h as  been th e  
la c k  o f f u l l  chem ical a n a ly se s  f o r  sam ples tak en  through storm s 
both in  term s o f p r e c ip i t a t io n  in p u ts  and ru n o ff  o u tp u ts . This 
la c k  o f storm  d a ta  i s  th e  r e s u l t  o f two e x c e p tio n a lly  dry  f i e l d  
seaso n s  in  S.W S co tlan d . From J u ly  to  O ctober 1983 th e re  were <10 
sto rm s o f any a p p ro p r ia te  s iz e  reco rd ed  a t  Loch Dee of which th e  
a u th o r  s u c c e s s fu lly  sampled one. During th e  p e rio d  A p ril 1984 to  
O ctober 1984 ^ sto rm s w ere reco rd ed  two of which w ere sampled
(a lth o u g h  th e  d a ta  s e t  i s  incom ple te  fo r  one storm  because of
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equipm ent f a i l u r e ) . Given th e  o p p o rtu n ity  th e  a u th o r  hopes to  
re -u n d e r ta k e  t h i s  work in  th e  n e a r  f u tu r e .  D eta ile d  a n a ly s is  of 
th e  w a te r  ch em istry  o f sto rm s i s  l i k e l y  to  be an im p o rta n t a sp e c t 
o f f u r t h e r  work on upland a c i d i f i c a t i o n .
T h is  re s e a rc h  has s u c c e s s fu l ly  u t i l i s e d  th e  m u ltip le
catchm ent approach to  s tudy  w a te r q u a l i ty  in  an upland
en v ironm en t. However, th e  m u lt ip le  catchm ent method i s  no t
w ith o u t i t s *  flaw s as  a re s e a rc h  to o l .  I t  i s  e v id e n t from th i s
p ie ce  o f  re s e a rc h  th a t  d e s p ite  a  g e n e ra l s im i la r i ty  in  s iz e ,  
geology and s o i l  type th e re  a re  s t i l l  l i k e ly  to  be in h e re n t 
d i f f e r e n c e s  betw een th e  th re e  catchm ents o th e r  th an  th o se  i s o la te d  
fo r  s tu d y . These in  tu rn  can cause l e s s  r e a d i ly  c o n tro l le d  
v a r i a t i o n s  in  w a te r  q u a l i ty .
T h is  problem h ig h l ig h ts  th e  d i f f i c u l t i e s  which a r i s e  by 
ta k in g  a  b lack -b o x  approach to  catchm ent m odelling , i e .  by 
c o n c e n tra t in g  e n t i r e l y  on th e  in p u ts  and ouputs th e  s u b t le
c o n t r a s t s  w ith in  th e  catchm ents a r e  ig n o red  in  favour of
ag g reg a ted  p ro c e s se s  and f a c to r s .  N e v e rth e le s s , th e  method i s  a 
v a l id  one s in c e  by ccmiparing and c o n t r a s t in g  th e  r e s u l t s  from th e  
th re e  ca tchm en ts th e  r e s e a rc h e r  i s  r e q u ire d  to  i n t e r p r e t  
d i f f e r e n c e s  i n  term s o f th e  e f f e c t iv e n e s s  of th e  f a c to r s  o p e ra tiv e  
w ith in  each  "b lack -b o x " . In  t h i s  study  t h i s  agg reg a ted  approach 
has been shown to  be s u c c e s s fu l s in c e  th e  m ajor f a c to r s  have been 
i d e n t i f i e d  a long  w ith  t h e i r  s p a t i a l  and tem poral v a r ia t io n .  In  
tu r n  t h i s  has le a d  to  f u r th e r  s tu d ie s  in  which two f a c to r s  
a f f e c t in g  w a te r  q u a l i ty  have been se p a ra te d  and e v a lu a te d .
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Much o f th e  o r ig i n a l i t y  in  t h i s  work i s  th e  r e s u l t  o f u sing  
co n tin u o u s  m on ito rs  to  m easure th e  key param eters  o f d isc h a rg e , pH 
and e l e c t r i c a l  c o n d u c tiv ity . W h ils t th e s e  m o n ito rs  a re  la b o u r 
in te n s iv e  to  m a in ta in  and n o t t o t a l l y  ro b u s t in  t h e i r  o p e ra t io n  
th ey  have p rovided  an in v a lu a b le  so u rce  of d a ta  and show 
v a r i a t io n s  in  w ater q u a l i ty  which o th e rw ise  would have been 
m issed .
T here a re  two le v e ls  o f f u r th e r  work su ggested  h e re . The 
f i r s t  r e l a t e s  to  s i t e - s p e c i f i c  in v e s t ig a t io n s  aimed a t  a b e t t e r  
u n d e rs ta n d in g  o f th e  tem poral and s p a t i a l  v a r ia t io n  in  w ater 
q u a l i ty  a t  Loch Dee. The second a re a  o f f u tu r e  work i s  concerned 
w ith  ap p ly in g  th e  f in d in g s  o f t h i s  work on a more re g io n a l  and 
n a t io n a l  s c a le .
At Loch Dee th e re  i s  an obvious need to  m a in ta in  th e  p re se n t 
sam pling  network in  o rd e r  to  m on ito r changes in  th e  s tream w ater 
c h e m is try . P a r t i c u la r ly  im p o rta n t i s  th e  e f f e c t  o f th e  co n tin u in g  
lim e  programme on th e  W hite Laggan and a l s o  th e  d e t e r io r a t io n  o f 
w a te r  q u a l i ty  in  th e  Green Burn a s s o c ia te d  w ith  canopy c lo su re  and 
th e  l im i te d  supply  o f n u t r i e n t s  in  th e  catchm ent d isc u sse d  in  
c h a p te r  f iv e .
Two l i n e s  o f f u r th e r  in v e s t ig a t io n  a r i s e  from th e  r e s u l t s  of 
c h a p te r  s ix  in  which i t  i s  p o s s ib le  to  v i s u a l i s e  s p a t i a l  
v a r i a t io n s  i n  w ate r q u a l i ty  o ccu rin g  a s  a fu n c tio n  o f th e  
d i f f e r e n t  s o i l  a s s o c ia t io n s  a t  Loch Dee. I f ,  u sing  more d e ta i le d  
and s e n s i t i v e  s o i l  experim en ts  one could  p r e d ic t ,  which s o i l  
a s s o c ia t io n s  (and th e re fo re  p ro p o r tio n s  of th e  catchm ent) were
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l i k e l y  t o  g iv e  r i s e  to  h ig h  a c id i ty  w a te rs ; i t  may be p o s s ib le  to  
im plem ent a  more e f f e c t iv e  system  o f w ate r q u a l i ty  management 
u s in g  lim e  a p p l ic a t io n s .  In  c o n ju n c tio n  w ith  t h i s  ex p e rim en ta l 
s o i l  work th e re  i s  a need to  conduct a more d e ta i le d  i n v e s t ig a t io n  
o f  sub-env ironm ents w ith in  th e  catchm en ts to  determ ine f u r th e r  th e  
so u rc e s  and s in k s  o f s tream w a te r a c id i ty .  I f  th e se  r e s u l t s  
i n d i c a te  th e  lim e a p p l ic a t io n s  to  W hite Laggan a re  a m e lio ra tin g  
th e  a c id i ty  in  th e  catchm ent i t  shou ld  be p o s s ib le  to  u n d ertak e  a 
c o s t - b e n e f i t  a n a ly s is  in  te rm s o f improved a q u a t ic  env ironm ents  of 
th e  W hite Laggan a g a in e s t  th e  o th e r  two catchm ents.
On a more r e g io n a l /n a t io n a l  s c a le  th e re  i s  s t i l l  much 
re s e a rc h  needed to  t r y  and i s o l a t e  th e  in f lu e n c e  o f la n d -u s e  from 
a tm o sp h eric  d e p o s it io n  in  d e te rm in in g  w a te r  q u a l i ty .  The work 
re p o r te d  h e re  c o n c e n tra te s  s o le ly  on one lo c a t io n  in  th e  S c o t t is h  
S ou th ern  U plands. W h ils t th e  p ro c e sse s  and f a c to r s  in f lu e n c in g  
s tream w ater chem istry  a re  l i k e l y  to  be common to  o th e r  a re a s  of 
B r i t a in  they  w i l l  no t n e c e s s a r i ly  i n t e r a c t  in  th e  same manner. 
For in s ta n c e  i t  i s  u n lik e ly  t h a t  catchm ents in  th e  e a s t  o f B r i t a in  
w i l l  r e c e iv e  th e  same m a ritim e  dom inated a tm ospheric  in p u ts  which 
induced  th e  s tream w ater a c i d i f i c a t i o n  d esc rib e d  in  c h a p te r  6 . 
F u r th e r  d if f e re n c e s  may e x i s t  because o f th e  d r i e r  c lim a te  where 
dry  d e p o s it io n  w i l l  p lay  an in c re a s e d  r o le  over th a t  seen  a t  Loch 
Dee. T his may cause more s e r io u s  a c id ic  f lu s h e s  i n  s tream s 
fo llo w in g  dry s p e l l s ,  p a r t i c u l a r l y  in  a f f o r e s te d  catchm ents w here 
th e  t r e e s  may a c t  a s  e f f i c i e n t  scav en g ers  o f a tm o sp h eric  
p o l lu ta n t s .  F u rth e r  re se a c h  i s  a l s o  needed on th e  i n t e r a c t io n  of 
f o r e s t r y  and a tm ospheric  d e p o s i t io n  a c ro s s  a g r e a te r  range  of 
l i t h o l o g i e s .
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T here i s  a need to  t e s t  th e  h y p o th e s is  t h a t  th e  f iv e  f a c to r s
r e g u la t in g  stream w ater ch em is try  a t  Loch Dee app ly  to  much la r g e r
catchm en ts th an  th e  sm a ll ca tchm en ts  In v e s t ig a te d  a t  Loch Dee. I t
i s  i n t e r e s t i n g  i n  t h i s  r e s p e c t  t h a t  s in c e  th e  a u th o r d r a f te d  an
i n i t i a l  r e p o r t  on s e a - s a l t  e p iso d es  a t  Loch Dee th e  SRPB have
sam pled th e  r iv e r  Cree ca tchm en t. The Cree w ith  a d ra in a g e  a re a  
2o f 368 km re p re s e n ts  one o f  th e  l a r g e r  and im p o rta n t r i v e r s  under 
th e  c a re  of th e  SRPB. d u rin g  February  1984 th e  average a c id i ty  
a c ro s s  th e  catchm ent was found to  be 32 ueq (pH 4 .5 )  and was
a p p a re n tly  high in  h e a v i ly  f o r e s te d  a re a s  o f th e  catchm en t. This 
ep iso d e  o f high a c id i ty  was a t t r i b u t e d  by th e  Board to  a  s e a - s a l t  
in c u r s io n  (Welsh p e rs . comm) and i s  su p p o rted  by th e  p ro p o s it io n  
in  c h a p te r  7 t h a t  th e  model f a i l e d  du rin g  e a r ly  F ebruary  because 
o f such an in c u rs io n ; th u s  d em o n stra tin g  th a t  such ev e n ts  can have 
a re g io n a l  s ig n if ic a n c e .
W h ils t t h i s  work h as  n o t answered th e  problem o f th e  o r ig in  
o f long  term  a c i d i f i c a t i o n  p ro c e s se s , t h i s  d i s s e r t a t i o n  r e p re s e n ts  
th e  f i r s t  ccm prehensive r e p o r t  on th e  c o n tro ls  o f w a te r q u a l i ty  
and a c i d i f i c a t i o n  over s h o r t  and medium tim e s c a le s  i n  upland  
S c o tla n d . In  th e  absence o f r e l i a b l e  h i s t o r i c  d a ta  such work i s  
fundam ental to  unders tan d  th e  f a c to r s  and p ro c e sse s  a f f e c t in g  
w a te r q u a l i ty  in  such en v ironm en ts. W ithout such knowledge i t  
w i l l  be im p o ss ib le  to  develop  r e l i a b l e  and ro b u s t m odels which 
w i l l  rep roduce  f i e l d  o b s e rv a tio n s  o f th e  p ro cesse s  to  p r e d ic t  no t 
only  w hat may occur in  th e  s h o r t  term  b u t a ls o  th e  more s e n s i t i v e  
q u e s tio n  o f long  term  s u r fa c e  w a te r  a c id i f i c a t io n .
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a re  re v e rse d  so  th a t  25/5 /1984  becomes 840525).
For th e  con tinuous (h o u rly  f i l e s )  th e  i d e n t i f i c a t i o n  ntmber 
i s  fo llow ed  by a 3 l e t t e r  a b b re v ia tio n  of th e  month fo llow ed  by 
th e  y e a r . Eg. W hite Laggan January  1984 PH becomes 1JAN84PH.DAT 
and D a rg a ll Lane November 1983 flow  becomes 111N0V83H.DAT.
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I I I .  H ourly PH Data.
1APR81PH.DAT;4 1APR82PH.DAT;4 1APR83PH.DAT;4 1AUG81PH.DAT;4
1AUG82PH.DAT;4 1DEC82PH.DAT;4 1DEC83PH.DAT;4 1FEB81PH.DAT;4
1FEB82PH.DAT;4 1FEB83PH.DAT;4 1JAN83PH.DAT;4 1JAN84PH.DAT;4
1JUL81PH.DAT;4 1JÜL82PH.DAT;4 1JÜL83PH.DAT;4 1JÜN82PH.DAT;4
1JUN83PH.DAT;4 1MAR81PH.DAT;4 1MAR82PH.DAT;4 1MAR83PH.DAT; 4
1MAR84PH.DAT;4 1NOV82PH.DAT;4 1NOV83PH.DAT;4 10CT81PH.DAT;4
10CT82PH.DAT;4 1SEP81PH.DAT;4 1SEP82PH.DAT;4 3AUG83PH.DAT;4
3DEC83PH.DAT;4 3FEB84PH.DAT;4 3JAN84PH.DAT;4 3JUL83PH.DAT;4
3MAR84PH.DAT;4 3NOV83PH.DAT;4 30CT83PH.DAT;4 3SEP83PH.DAT;4
4AUG83PH.DAT;4 4DEC83PH.DAT;4 4FEB84PH.DAT;4 4JAN84PH.DAT;4
4JUL83PH.DAT; 4 4MAR84PH.DAT;4 4NOV83PH.DAT;4 4SEP83PH.DAT; 4
5APR81PH.DAT;1 5APR83PH.DAT;1 5AUG83PH.DAT;1 5DEC83PH.DAT; 1
5FEB84PH.DAT;! 5JAN84PH.DAT;1 5JUL83PH.DAT;1 5JUN81PH.DAT; 1
5JUN83PH.DAT;1 5MAR84PH.DAT;1 5MAY83PH.DAT;1 5N0V81PH.DAT; 1
5N0V83PH.DAT;1 50CT81PH.DAT;1 50CT83PH.DAT;1 5SEP83PH.DAT; 1
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UDF (M3 8-1)
r  r  r  » i-  r- r-O  M O  M O  M O
mI
I
i
